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ABSTRACT
1. ABSTRACT
With a view to establishing a model system for examining 
toxicity in skin, primary lingual keratinocyte cultures 
<PLK>, a keratinocyte cell line <RTE5> and freshly 
isolated keratinocytes <NCK> all derived from rat sub- - 
lingual epithelium, were partially characterized both 
morphologically and enzymically and the toxicity and 
metabolism of the mycotoxin T-2, studied therein.
A number of techniques for obtaining pure suspensions of 
sublingual keratinocytes <NCK> were examined and dispase 
is recommended for completely separating the epithelium 
from its dermis prior to trypsinization. Existing methods 
for the culture of PLK cells were improved to reduce the 
number of rats used and minimize the fibroblast contam­
ination and a technique for culturing the epithelium 
associated with human hair follicles was also examined.
The follicle technique was found to produce primary 
cultures which were 100% epithelial but considerable time 
and resources were required to generate relatively few 
cells.
The keratinocyte cultures, PLK and RTE5, were shown to 
produce keratin and undergo stratification like the 
epithelium in vivo, Using a series of specific enzyme 
inhibitors, both the cultured and non-cultured epithelial 
cells were found to possess the same characteristic forms
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of acetylcholinesterase, butyrylcholinesterase and 
carboxylesterase.
The effect of T-2 on protein synthesis in the keratinocyte 
cells was examined and a dose-related inhibition was 
evident. The primary and freshly isolated cells appeared 
to be the most resistant to synthesis inhibition. The 
rate of recovery from this inhibition was greatest in the 
cell line which also lost T-2 at the fastest rate.
The uptake into and loss of T-2 from the keratinocyte 
cells was chiefly by simple diffusion, but studies using 
rotenone demonstrated that an active process may have been' 
involved in reducing the rates of uptake and loss. The 
total amount of T-2 absorbed was likely to be dependent on 
the number of binding sites while the overall rate of loss 
was dependent on the strength of that binding. The 
possible nature of these binding sites is discussed.
T-2 was metabolized in all the keratinocyte preparations 
to the same products found in mammalian skin, in vivo, and 
studies with specific enzyme inhibitors showed that a 
carboxylesterase was most likely to be involved in its 
hydrolysis. The greater metabolism of T-2 in the primary 
cells, which contained the most carboxylesterase, is 
likely to have been one of the factors involved in 
reducing the levels of protein synthesis inhibition in 
these cells.
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Rat sublingual epithelium and the cultures derived from 
it have a similar morphology and esterolytic capability 
to that of skin in viva. The PLK cells were most similar 
to NCK cells in terms of protein synthesis and esterolytic 
capability, so if it is assumed that NCK cells are 
representative of the sublingual epithelial cells in viva 
and hence skin, then the primary cultures might prove to 
be the best model culture system for studying toxicity in 
skin. Nevertheless, the RTE5 cell line was most similar 
to the NCK cells in respect of T-2 metabolism, and if it 
shown to have other characteristic skin metabolism systems 
then it too might prove useful for studying skin toxicity. 
In addition, the cell line would probably prove to be a 
more convenient, simpler, reproducible and cheaper means 
of examining skin toxicity on a large scale.
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ABBREVIATIONS
2. ABBREVIATIONS
ATCC - American type culture collection
AHH - aryl hydrocarbon hydroxylase
ATP - adenosine triphosphate
BPNP - bis p-nitrophenol phosphate
CHO - Chinese hamster ovary cell line
DFP - diisopropylfluorophosphate
DMEM - Dulbecco's enriched modification of MEM
DMSO - dimethyl sulphoxide
DNA - deoxyribonucleic acid
dpm - disintegrations per minute
DPX - dibutyl phthalate in xylene
EDTA - ethylene diamine tetraacetic acid
FBS - foetal bovine serum
GSH - glutathione (reduced form)
HBSS - Hank's balanced salt solution
HEPES - N-2-Hydroxyethylpiperazine-N'-2-ethanesulphonic 
acid
L5178Y - cell line derived from mouse lymphoma
L-929 - Mouse connective tissue cell line
MEM - minimum essential medium
NADPH - nicotinamide adenine dinucleotide phosphate (reduced £orn)
NCK - non cultured keratinocyte
PLK - primary lingual keratinocyte
PVP - polyvinyl pyrrolidone
RNA - ribonucleic acid
RTE - rat tongue epithelia
SPF - specific pathogen free
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SV40 - Simian virus 40
TCA - trichloroacetic acid
TLC - thin layer chromatography
TOCP - tris<o-cresyl>phosphate
TRIS - TrisChydroxymethyl>aminomethane
VERO - African green monkey kidney cell line
V79 - fibroblast cell line derived from Chinese
hamster lung
3T3 - fibroblast cell line derived from Swiss mouse
embryos
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INTRODUCTION
3 INTRODUCTION
3.1 GENERAL INTRODUCTION
Skin is the largest organ of the human body with the 
average adult having a surface area of (Ritschel
and Hussain, 1988). Its main function is to separate and 
protect the organism from the external environment and the 
rate of diffusion of most chemicals through it is slower 
than through other biological membranes of the body. 
Together with the lungs and the gut the skin offers a 
major route for the absorption of xenobiotics and is the 
first line of defence in the protection of the body from 
environmental toxicants.
Skin was once regarded as just an inert barrier, but it
possesses many xenobiotic-metabolizing systems. Although
such metabolic activity usually only occurs at relatively
low levels per gram, the overall activity is much higher
if the total surface area is considered (Pannatier et al.,
1978). It is also important to note that most skin
cancers are epidermal in origin. For these reasons there
has been much interest in the role of the skin as a
protective barrier and xenobiotic-metabolizing organ. In 
\
addition, a knowledge of the absorption and metabolism of 
a drug allows the development of pharmaceuticals with the 
ability to penetrate the skin and enter the systemic 
circulation in the form required.
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A skin model would prove convenient for studying the 
toxicity of environmental contaminants and topically 
applied drugs. If these chemicals were also carcinogens a 
model would allow the investigation of the multiple stages 
involved in chemical carcinogenesis.
The development of in vitro models for studying target 
organs is becoming increasingly important for studies of 
toxicity. Toxicity can be determined in isolation from 
other organ effects and the maintenance of long term 
cultures <24+ hours) can result in the production of 
active metabolites not otherwise seen in short-term in 
vitro methods such as perfused organs and tissue slices.
A suitable skin cell culture model must be capable of 
reflecting toxicity in vivo. This toxicity can be defined 
in terms of cell viability, proliferation rate, motility, 
membrane integrity, mitochondrial function, RNA synthesis, 
general and specific protein synthesis, the activities of 
particular enzymes and the synthesis of specific products 
(Balls and Clothier, 1983). Such a model must be shown to 
be reliable and give reproducible results. Serially 
cultured cell lines and primary cultures from tissues 
could be used in a battery of tests which would allow the 
fundamental biological properties of a test substance to 
be identified rapidly and inexpensively.
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3.2 STRUCTURE.OF THE SKIN
A knowledge of the structure of skin is necessary to 
understand the methods used to culture skin cells and to 
interpret results obtained from subsequent studies of 
function and metabolism. The following is a brief outline 
of the anatomy of the skin. For more detailed information 
several good reviews exist <Barr, 1962; Odland, 1983).
The skin is divided into two main layers, the epidermis 
and the dermis. The outer layer, the epidermis, is 
further divided into a number of distinct layers, shown in 
figure 3.1 and described below.
3.2.1 THE EPIDERMIS
STRATUM BASALE (BASAL LAYER)
The stratum basale consists of a single layer of columnar 
cells in contact with the dermis, which divide either to 
produce further basal cells or migrate upwards into the 
stratum spinosum (Barr, 1962). This layer also contains 
the melanocytes (Riley, 1975). Epidermal growth begins in 
this layer.
STRATUM SPINOSUM (PRICKLE CELL LAYER)
The stratum spinosum consists of polygonal cells derived 
from the stratum basale which, as they migrate upwards,
- 8 -
FIGURE 3.1
VERTICAL SECTIOff THROUGH THE EPIDERMIS 
(MAGfflFICATIOff x400, SPECIES - HUMAff)
1 — Stratum corneum
2 ^  Stratum lucidum
3 — Stra tum  granulosum
4 — Stra tum  spinosum
5 ’" S t r a tu m  basale
become more flattened and eventually lose their nuclei.
The cells possess processes filled with bundles of 
filaments that converge into small extensions, terminating 
with desmosomes located at the ends. This system 
Ctonofibrils) firmly binds the cells together COdland,
1983).
STRATUM GRANULOSUM <GRANULAR LAYER)
The ,stratum granulosum is a thin layer between the stratum 
spinosum and stratum corneum, consisting of flattened 
polygonal cells. It contains a large number of 
Langerhan's cells and this is where the most intense 
hydrolytic activity occurs. Langerhan's cells are thought 
to be mesenchymal in nature and represent a cellular 
system extending from the connective tissue into 
stratified squamous epithelia. Wolff <1972) suggests that 
they continue to influence the epidermal cells throughout 
the process of differentiation after they have disassoc­
iated from the basal lamina and have commenced their 
upward movement within the epidermis. Also keratohyalin 
granules first become visible in this area and are thought 
to represent a late stage in keratinization.
STRATUM LUCIDUM <TRANSLUCENT LAYER)
The stratum lucidum is translucent and composed of 
extremely flattened eosinophilic cells. These cells
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consist of densely packed filaments embedded in an 
electron-dense matrix <Qdland, 1983).
STRATUM CORHEUM (DEAD CELL LAYER)
The stratum corneum is a layer of flattened, cornified, 
highly keratinized cells that vary in thickness from one 
body area to another. Keratin consists of protein chains 
rich in disulphide bonds, present as bundles of packed 
filaments (7-8nm diameter) embedded in a dense amorphous 
matrix (Baden and Lee, 1978). Cells are anucleate, 
closely attached on all sides and interconnected by many 
desmosomes. In normal human skin, the stratum corneum is 
shed at a rate equal to the rate of epidermal cell re­
generation (Ritschel and Hussain, 1988). Cells migrate 
from the inside to the surface becoming flattened and 
squamous in shape and dying by degrees as they produce 
keratin.
3.2.2 THE DERMIS
The dermis is a thick fibrous tissue that forms the bulk 
of the skin. It consists of two layers, the upper smaller 
stratum papillaris and the lower more pliable stratum 
reticularis. It serves as a supporting structure and 
contains much water and fat in addition to collagen, muco­
polysaccharides, reticulum, reticulin and elastin. The 
dermis is the location of the blood vessels, nerves and 
lymphatics and also the base of the sweat glands and hair
“ 11 "
follicles. Other cell types present include collagen- 
secreting fibroblasts, tissue macrophages (which have a 
resident phagocytic role), tissue mast cells and dermal 
melanocytes (Montagna and Parakkal, 1974).
3.2.3 THE HAIR FOLLICLE
The hair follicle is formed from the penetration of 
epidermal cells into the dermis. At the base, a bulb is 
formed containing loose connective tissue, the dermal 
papilla. Hair grows in cycles with each hair passing 
through an active growth phase (anagen), an intermediate 
phase (catagen) characterized by halting of growth and a 
final resting phase (telogen) as shown in figure 3.2. In 
man, the duration of each stage of the cycle varies 
greatly between different areas of the body. The resting 
periods of individual follicles may be very short as in 
those of the scalp, the beard and the axilla, or very long 
as in those of the general body surface. In the normal 
human scalp 80-85% of hairs are in anagen, 1-2% in catagen 
and 10-20% in telogen (Pinkus 1981).
3.2.4 SECRETORY GLAMDS
The skin of man has two kinds of secretory glands: the
sebaceous and the sweat glands. They develop from 
epidermal tissue like hair follicles. The sebaceous 
glands produce sebum, a semi-liquid mixture of fatty acids 
and oils and the sweat glands produce a watery solution,
- 12 -
sebaceous
g land
telogen
catagen
anagen
FIGURE 3.2
STAGES I IT THE HAIR FOLLICLE GROWTH CYCLE 
<MAGHIFICATIOH x200, SPECIES - HUMAN)
1. ACTIVE GROWTH PHASE (ANAGEN)
2. INTERMEDIATE PHASE (CATAGEN)
3. RESTING PHASE (TELOGEN)
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containing minerals and salts. The sweat glands are of 
two types, the apocrine glands, which are often associated 
with hair follicles and secrete the odorous components of 
sweat, and the eccrine glands, which are present over the 
whole human body.
3.3 TISSUE CULTURE
Tissue culture techniques have changed considerably since
they were first conceived at the beginning of this century 
(Harrison, 1907; Carrel, 1912). This development has been 
encouraged by the needs of medical research, especially in 
the production of antiviral vaccines and studies of cell
neoplasia (cancer research) and immunology.
Industry and medicine utilize tissue culture technology in 
many ways. Chromosomal analysis is used to reveal genetic 
disorders, viral infections can be identified by culturing 
them in monolayers of host cells and the toxic effects of 
pharmaceutical compounds can be measured in colony-forming 
assays. The production of monoclonal antibodies in 
culture by the formation of hybrids between plasma cells 
and myeloma cells (Kohler and Milstein, 1975), has become 
a means of producing specific antibodies. Also homo­
grafting and reconstructive surgery, using an individual's 
own cells, has now become possible since the development 
of functionally differentiated skin cell sheets in culture 
(Green et al., 1979).
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The main advantage of tissue culture is that the cell 
environment can be precisely controlled <pH, temperature,
Os*, COs;:, nutrients). Also, a tissue culture does not have
the interference of neural, hormonal, immunological and
other systemic factors that occur in vivo <Balls and
Horner, 1985). Cultures may also be treated with lower
concentrations of reagents than those used in vivo where
much is lost in excretion and distribution to tissues
other than those under examination. Many replicate
cultures of the same type can be set up and because toxic
effects can take time to develop and be expressed, cell
culture can allow cells to be maintained long enough for
the production of active metabolites and their subsequent
interaction with living cells <Balls and Clothier, 1983).
The main disadvantage of tissue culture is that cells lack 
the interactions of systems characteristic of homeostatic 
regulation in vivo, namely the nervous and endocrine 
systems, and consequently metabolism in vitro may not be 
representative of the tissue from which the cells were 
derived. Also, strict aseptic conditions must be provided 
at all times along with exacting conditions of media 
constitution. In addition much effort, expense and 
materials are required to produce relatively little 
assayable tissue.
Tissue cultures offer a powerful means of assessing toxic 
hazard but they must be thoroughly validated before they 
are used to assess toxicity <Flint, 1988).
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There are three main methods employed in culture work 
<Schaeffer, 1979). Organ culture is the maintenance of 
some or all of the structure of a tissue in vitro, in such 
a way that normal function is maintained. Primary explant 
culture refers to a culture of cells that is started from 
explanted tissue taken directly from an organism. The 
propagation of a cell line is where the tissue or out­
growth of cells from a primary explant is dispersed by 
spontaneous migration or enzymatic dispersal into a cell 
suspension, which can then be cultured as a monolayer or 
as a suspension in the culture media.
3.3.1 SKIN EPITHELIUM CELL CULTURE METHODS
Many cell culture systems have been used in skin pharmaco­
logy to evaluate the toxicity of substances. Early 
methods were usually concerned with the culture of dermal 
fibroblasts simply because they were far easier to 
maintain in vitro, but interest has now shifted toward the 
epithelial cells, especially keratinocytes. Interest 
developed in keratinocytes when it was discovered that 
their ability to stratify and terminally differentiate was 
maintained in vitro even in the absence of instructive 
information from the connective tissue stroma CFlaxraan et 
al., 1967). Researchers <Yuspa et al., 1970; Fusenig Worst 
1974) have utilized such cultures to study the effects of 
chemicals on epidermal growth and differentiation.
Because most skin cancers begin within the epidermis, 
investigations have been mainly carcinogenicity studies.
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Among the various cell culture systems that have been used 
in skin pharmacology, cultures of skin explants were some 
of the first to be proposed (Everett et al. , 1951, 1952).
3.3.1.1 SOURCE OF TISSUES
To obtain skin epithelium for culture, a number of methods
are utilized. Punch biopsies involve removing small
amounts of tissue from individuals (Urbach &.Slaliey. > 1951;
& Nitowsky
Brusilow ,1963) and offer the advantage of obtaining
A
cultures from individuals of any age or sex. Foreskins 
are perhaps the most common source of human skin tissue 
and provide much larger tissue samples than punch biop­
sies. Other sources of human skin are from individuals 
after autopsy, skin remaining after periodontal surgery 
(Birkedal-Hansen et al. , 1980) and excess facial skin
after neoplasty. A number of novel techniques include the 
suction blister technique (Myrnes et al. , 1984) where a
blister is induced and a raised epithelial layer is 
removed and the hair follicle method (Veils, 1981, 1982;
Veterings et al. , 1980, 1981) where the epithelium
associated with plucked hair follicles is cultured.
Non-human sources of epithelium include the dorsal aspect 
of guinea pig ear skin (Cruikshank et al. , 1960), neonatal
mouse skin (Marcelo et al. , 1978; Yuspa et al. , 1980), the
ventral lingual mucosa of rat (Jepsen, 1974; Buckley,
1981; Hopley, 1986) and pig skin (Hammar and Halprin,
1981).
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3.3.1.2 INITIATION OF CELL CULTURES
Cell cultures are obtained either by allowing cells to 
migrate out of fragments of tissue adhering to a suitable 
substrate, or by disaggregating the tissue mechanically or 
enzymatically to produce a suspension of cells. It 
appears to be essential for most normal untransformed 
cells to attach to a flat surface in order to survive and 
proliferate with maximum efficiency, but tumour cells, 
however, are often able to proliferate in suspension.
The most commonly used enzymes for disaggregating tissue 
are trypsin, collagenase, elastase, hyaluronidase, DNase, 
pronase and dispase (Freshney, 1983). Trypsin and pronase 
give the most complete disaggregation but may damage the 
cells. Collagenase and dispase give incomplete dis­
aggregation but are less harmful (Matsamura et al., 1975). 
DNase is employed to disperse DNA released from lysed
f
cells as it tends to impair proteolysis and promote 
reaggregat i on.
The original method used to establish primary cultures 
from explants was developed by Carrel (1912) and involved 
attaching a small piece of tissue, embedded in plasma 
mixed with embryo extract and serum, to the surface of a 
slide. The serum provided nutrients and stimulated 
migration of cells from the explant. The method has since 
been modified, but the basic principles still remain.
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Unless skin explants or enzyme-obtained cell suspensions 
are 100% epithelial, cell outgrowths tend to have a 
fibroblastic morphology. There are, however, a number of 
methods for selecting cultures consisting of mainly 
epithelial cells. Rheinwald and Green <1975) grew skin 
explants and trypsin-collagenase digests of skin on 
irradiated Swiss mouse embryo 3T3 fibroblasts - this 
feeder layer served to accelerate the growth of epithelial 
cells <keratinocytes> whilst simultaneously retarding the 
growth of dermal fibroblasts. The disadvantages of this 
system include the possible contamination of human cells 
with mouse endogenous viruses or other mouse genetic 
material and interference of biochemical analyses of the 
donor's epithelial elements.
The methods of Jepsen et al. <1980) and Freeman <1980) 
involved the conventional explant of biopsy skin and 
foreskin pieces onto culture plastic to ' dry-on' for &-3 
hours without medium, then the addition of medium con­
taining 10% foetal bovine serum and incubation at 36.5°C 
for 20 or more days with regular 'feeding', When the 
original skin sample was cleaned exhaustively by scraping 
away most of the dermis, then 70-90% of the minced pieces 
yielded epithelial colonies.
Special tissue plastics <Falcon 'Primaria' flasks) have 
been shown to discourage fibroblast growth whereas 
fibronectin-coated plates have been shown to aid the 
attachment and growth of keratinocytes <Gilchrest et al.,
- 19 -
1980). Also lowered culture temperatures of around 30°C 
(Buckley, 1981; Hopley, 1986) and 35#C (Jensen and 
Therkelsen, 1981) have been shown to inhibit fibroblast 
but not epithelial growth.
Birkedal-Hansen et al. (I960) found that keratinocytes 
were more resistant to trypsinization than fibroblasts and 
by removing fibroblasts by a short 15 minute trypsiniz­
ation, 95% of the keratinocytes remained with few 
contaminating fibroblasts.
Kitano and Okada (1983) have established a technique for 
removing the epidermal layer from the dermis using 
dispase; sheets of cells obtained in this way contain few 
fibroblasts and can be subsequently trypsinized for 
culture.
Freeman et al. (1976) cultured skin explants, dermal side 
up, on substrates of sterile dead pig skin. Medim was 
added below the pig skin and the epithelium grew out 
across its surface. They found that the epithelial cells 
grew selectively on the collagen bed while the fibroblasts 
grew only on the glass culture dishes. Kulesz-Martin et ail. 
(1982) experimented with human skin transplanted onto mice 
and Weterings et al. (1980) grew pure epithelial cell 
cultures on sterile bovine eye lens capsules.
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3.3.1.3 SUBCULTURING AND ESTABLISHMENT OF CELL LINES
Once all the available substrate has been occupied, or 
when the cell number exceeds the capacity of the medium, 
subculturing is required. The usual method is to remove 
the medium and dissociate the cells using trypsin or other 
proteases prior to 'seeding' another culture vessel and 
adding fresh medium.
The attachment of cells to each other and to the cell 
substrate is mediated by cell surface glycoproteins and 
Ca-"-" and Mg^ions. Other proteins, derived from the cells 
and from the serum, become associated with the cell 
surface and the surface of the substrate and facilitate 
cell adhesion.
After the first subculture the primary culture becomes a 
cell line. With each successive subculture the component 
of the population with the ability to proliferate most 
rapidly will gradually predominate, and non-proliferating 
or slowly proliferating cells will be diluted out. This 
is most apparent after the first subculture where 
differences in proliferative capacity are compounded by 
the cells varying abilities to withstand the trauma of 
trypsinization and transfer. Under normal culture 
conditions skin fibroblasts subdivide at a faster rate 
than keratinocytes and this can lead to the problem of 
fibroblast contamination in cultures of keratinocytes.
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True immortal keratinocyte cell lines, which can be 
subcultured indefinitely, are not readily established and 
the culture of most cell lines is usually restricted to a 
small number of subcultures <finite-life cell lines). The 
rat buccal mucosa keratinocyte <RTE) lines produced by 
Jepsen et al. <1980), Buckley <1981) and Hopley <1986) are
examples of cell lines with a limited life span <usually 
<40 subcultures).
When large numbers of cells are required, cell lines which 
have been derived from tumour cells or by transfection 
with Simian Virus 40 <SV40) can be used. A number of 
keratinocyte cell lines exist but as yet no immortal line 
of human keratinocytes has arisen spontaneously during 
their culture. This may be because there are a limited 
number of cell generations inherent in the adult keratin­
ocyte, or that growth conditions gradually shift the 
equilibrium from proliferating to non-proliferating 
populations <Karasek, 1983). Human keratinocytes trans­
formed by SV40 XBanks-Schlegal & Harris,, 1983) and a variety 
of epidermal cells transformed in vitro by chemical 
carcinogens, or derived from chemically induced skin 
tumours <Fusenig et al., 1978), are in existence.
3.3.1.4 SERUM-FREE MEDIA AND MEDIA SUPPLEMENTS
The presence of serum in the medium used to cultured 
epithelial cells, introduces uncontrollable parameters. 
Since the 1950's attempts have been made to culture cells
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without serum, either by the development of new formula­
tions based on the replacement of serum by specific 
nutrients (Ham and McKeehan, 1979) or supplementation of 
existing media. Media supplements usually include 
hormones and other macromolecular fractions. Alterations 
to media enabled Peehl and Ham <1980) and Tsao et al.
<1982) to culture keratinocytes from human foreskins, 
selectively, without feeder layers or serum. Addition of 
insulin and hydrocortisone <Peehl and Ham, 1980), cholera 
toxin or isoprenaline and epidermal growth factor 
<Rheinwald and Green, 1977) to medium, has made serial 
cultivation possible over many cell generations <Green et 
al., 1979). Ethanolamine has been added in some media
preparations to encourage keratinocyte growth <Ham, 1983). 
Serine, a non-essential amino acid, while not required for 
the growth of skin fibroblasts, has been shown to improve 
the growth of keratinocytes <Liu and Karasek, 1978). A 
reduction in calcium level in the medium has been shown to 
increase the number of cell generations in both mouse 
<Hennings et al., 1980) and in human keratinocytes
<Hawley-Nelson et al. , 1980).
A number of defined media have been derived from Eagle's 
MEM including Dulbecco's enriched modification <DME) and 
more complex media such as Ham's F12, CMRL 1066, RPMI 
1640, McCoy's 5A, the MCDB series and Iscove's modified 
Dulbecco's medium <IMDM). A number of these serum-free 
formulations have been utilized to culture skin keratin­
ocytes including some of the MCDB series <Ham, 1983) and a
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mixture of DME (high nutrient concentration) and F12 
(trace elements, more vitamins) (Maurer, 1986).
3.3.2 GROWTH OF KERATINOCYTES IN CELL CULTURE
The growth of keratinocytes in culture involves five 
stages:—
1. Attachment
2. Spreading
3. Reassociation
4. Replication
5. Maturation
Attachment
Epithelial cells1show a preference for a collagen culture 
surface, particularly that formed by collagen type IV, 
when compared to either plastic or glass. Amino groups on 
the collagen are required for keratinocyte attachment and 
it is the availability of these groups which determines 
the degree of attachment.
Spreading
Following the initial attachment, a reorganisation of the 
cytoplasm takes place resulting in a spreading of the 
keratinocytes. Serum is required for cells to spread 
normally. Specific residues on a collagen substrate
- 24 -
markedly influence the degree and type of spreading 
observed. The guanidyl residue of arginine appears to be 
particularly important for this reaction, because modifi­
cation of the arginine residue with cyclohexandione 
results in both a highly abnormal spreading of the cells 
and atypical colony formation (Karasek, 1983). __
Reassociation
Individual keratinocytes are highly mobile cells and 
subsequently reassociate to form small colonies. This 
behaviour of keratinocytes in culture is thought to 
reflect the intrinsic property of the epidermis to 
establish a continuity and confluence after wounding 
(Winter, 1963).
Replication
Replication is not initiated until a critical colony size 
is reached, generally 24-48 hours after plating. The 
exact nature of the 'trigger' is not known but it is 
likely that some growth factor is involved (Rheinwald and 
Green, 1975). Cells continue to replicate until all the 
colonies join up and a confluent sheet of cells is formed.
Maturation
Maturation in culture is characterized by stratification, 
formation of a cornified cell envelope, loss of nuclei and
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the synthesis of keratin. Other essential characteristics 
of maturation - namely the formation of keratohyalin and 
membrane coating granules - are not observed in culture. 
Karasek (1983) has stated that in culture there is no 
evidence that maturation of the keratinocyte depends on 
factors from the dermis. In skin, in vivo, it is thought 
that the dermis has an indirect role in the synthesis and 
maintenance of a basement membrane and in the regulation 
of keratinocyte attachment.
Stratification is a characteristic feature of keratinocyte 
growth once a critical mass of keratinocytes has been 
reached. Areas of the culture show a realignment of cells 
into basal, Malpighian and cornified layers. The form­
ation of an insoluble cell envelope is characteristic of 
the maturation process in vivo (Green, 1977). The loss of 
nuclei from cells when cornified squames are shed, is also 
seen, both in vivo and in vitro.
Keratohyalin influences the formation of keratin fibers 
and its presence is lacking in cultured keratinocytes; 
consequently the cornified squames contain keratin 
filaments which are loosely packed. Other discrepancies 
of the keratinization process occur in vitro, the greatest 
being the lack of the largest prekeratin protein of 
molecular weight 63,000 daltons (Sun and Green, 1975; Liu 
et al., 1979)
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Despite the lack of some prekeratin proteins, cultured 
keratinocytes and skin epithelium have many similarities, 
so it should be possible to investigate the biochemistry 
of differentiation and the toxicity and metabolism of 
compounds in these cultures. Karasek <1983) believes that 
human keratinocytes in culture are now good models for 
solving a number of important problems in both clinical 
and basic dermatology.
3.3.3 CULTURE OF KERATINOCYTES FROM HAIR FOLLICLES
A number of methods for culturing keratinocytes from the 
tissue associated with plucked human hairs, have been 
dealt with in the literature. Weterings et al. <1981)
were the first authors to publish such a technique.
The use of hair follicles enables cells to be obtained 
without the intrusiveness associated with other methods 
such as skin biopsy. Fewer cells are required to initiate 
the cultures and also they tend to be purely epithelial.
Weterings et al. <1981) method involved placing a freshly 
plucked scalp hair follicle (anagen phase) onto a bovine 
lens capsule and culturing in the conventional explant 
method (Freeman, 1980). The bovine lens capsule acted as 
a substitute basement membrane for the skin cells. 
Epithelial cells, in viva, grow and differentiate on a 
distinct matrix (the basement membrane), which separates 
them from the underlying connective tissue stroma.
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FIGURE 3.3
SECTION THROUGH THE BASEMENT MEMBRANE OF THE EPIDERMIS 
(SCHEMATIC REPRESENTATION)
1 — Bullous Pemphigoid Antigen
2 — Laminin
3 Proteoglycan
4 — Type IV Collagen
5 Fibronectin
Basal
Cells
Lamina
Lucida
Lamina
Densa
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Ultrastructurally, basement membranes are composed of two 
layers (figure 3.3) - an electron-dense layer (lamina 
densa) and an electron-lucid layer (lamina lucida). 
Biochemically, they are composed of many constituents such 
as collagen, fibronectin, laminin and heparansulphate 
proteoglycan (Veterings et al., 1983). Veils (1982) has 
used a more simplified method in which hair follicles were 
placed into special flasks CPrimaria') possessing a 
surface chemistry similar to collagen IV.
The subculture of cells obtained from hair follicles has 
usually involved co-culture with gamma-irradiated 3T3 
cells, as pioneered by Rheinwald and Green (1975).
3.4 TOXICITY TESTING IN TISSUE CULTURE SYSTEMS
The safety evaluation of new substances involves a wide 
range of toxicity assessments, including acute and sub­
acute, long-term toxicity, mutagenicity and carcinogen­
icity testing. The use of tissue culture screens is now 
gaining in importance since it endeavours to reduce the 
number of animals used and make testing more convenient 
and economical.
A number of toxicity testing strategies have evolved in 
recent years (Ekwall, 1983). One strategy is to choose a 
relevant cell type and toxicity end-point as with the 
putative replacement for the Draize eye test which 
utilises human corneal cells (Douglas, 1981). Another
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strategy is to use a battery of tests with different cell 
types representing different organ and cell functions 
(Nardone, 1977). Primary target-organ cells in culture, 
usually provide the best method for studying mechanisms of 
chemical interactions at the cellular and subcellular 
levels, but many investigators choose to screen toxic 
agents by general cytotoxicity parameters, using 
characterized continuous (immortal) or finite cell lines, 
which are easier to maintain than primary cell cultures 
(Bradlaw, 1986),
Tissue culture systems, whole perfused organs, tissue 
homogenates, slices and fractions can all be used to 
assess toxicity. The main advantage of all these methods 
is that toxicity to individual organs and the mechanisms 
involved, can be studied in isolation from the intact 
body. This may not indicate the long-term 'whole body' 
effects, but the systems are useful in short term assess­
ments of toxicity (Smyth, 1978). Some cell or organ 
cultures can be maintained for periods long enough for the 
production of active metabolites, not seen in the shorter 
perfused organ tests. Cultures cannot give the same 
information as is obtainable from acute toxicity tests in 
living animals but they are often a good guide to the 
relative toxicities of chemicals and are therefore a 
useful means of pre-screening potential drugs for possible 
adverse effects (Balls, 1983).
- 30 -
Many factors must be taken into account when assessing 
toxicity in a cell culture including the metabolic 
activity of the cells, cell-cycle events, the cell 
morphology and the intracellular availability of the 
toxin. Cell cycle events are less important in non- 
synchronous cultures; however^in the case of a different­
iating culture a degree of synchrony may be produced if 
the initial differentiation begins during the subculture's 
life (Hopley, 1986). The availability of toxin to the 
cells is dependent on chemical characteristics such as 
lipophilicity and dissociation. Visual observation 
reveals morphological changes (changes in shape, granu­
larity and vacuolation of cells). Morphological data 
should, however, be regarded with caution since these 
characteristics are not always representative of the whole 
cell population; protein and DNA content are perhaps 
better parameters to monitor (Marcelo et al., 1978).
The metabolism of xenobiotics can be important, since an 
observed effect can be due to the amount and toxicity of 
the formed metabolites. The liver is the major site of 
drug metabolism and while many other tissues may have the 
capacity for metabolism of xenobiotics, this activity is 
often limited to minority cell types which means that the 
total metabolic capacity of the extrahepatic tissue is 
low.
Freshly isolated cells and primary cultures are most 
suitable for metabolism studies since they tend to
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maintain much of their original metabolic activity (Flint, 
1988). Cell lines often possess lower metabolic activity 
than is present in vivo and in fact the majority of cell 
lines possess little or no capacity for the oxidative 
metabolism required for the metabolic activation of many 
chemical compounds (Benford et al., 1988). Cell cultures
with little or no drug-metabolizing activity are of little 
use in toxicity studies, hence the importance of assessing 
the metabolizing activity of cell cultures used in 
toxicity testing.
The method of exposing cells to a drug may result in poor 
reproducibility of experiments. Attachment of cells to 
the culture substrate, distance between cells, piling up 
of cells and stratification, all interfere with cell 
accessibility to the drug and make it difficult to be sure 
that cells in culture have actually been exposed to the 
same amounts of drug in parallel experiments. It has been 
recommended that cells are suspended to overcome this 
difficulty (Prunieras and Delescluse, 1984).
The evolution of a successful cell culture bioassay 
requires an identification of the problem, the use of 
characterized cells, a defined protocol, precise quant­
ification of a biological or biochemical endpoint and a 
standardized methodology (Bradlaw, 1986). In addition, a 
determination of structure-activity relationships using 
chemicals of known purity, a comparison with other indices
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of cellular toxicity and a comparison with in vivo 
toxicity is required.
Vith skin culture systems, markers of alterations in the 
differentiation of the epithelium appear to be the most 
useful means of screening for irritants and carcinogens, 
since differentiation is the growth characteristic altered 
in cases of hyperplasia, transformation and other prolif­
erative changes. Cell differentiation has been studied by 
the evaluation of the synthesis of one or more differen­
tiation proteins (Prunieras & V&lesclu.se,19Q£> . Biochemically, 
the synthesis of keratin polypeptides, the synthesis of 
filaggrin and the activation of transglutaminase activity, 
represent the major parameters used to evaluate the 
differentiation of keratinocytes in culture (Prunieras and 
Delescluse, 1984). Cell replication in skin cultures has' 
been examined in terms of mitotic activity, DNA synthesis 
and determination of cells in different phases of the cell 
cycle by flow cytometry (Prunieras and Delescluse, 1983).
Few studies have been carried out to assess the metab­
olizing capacity of skin cultures and most of these have 
been concerned with the P-450 mono-oxygenases (Digiovanni 
et al. , 1983; Irmscher &Fusenig , 1980; Kuroki et al. , 1982;
Hukkelhoven et al., 1982). Such studies demonstrate the 
potential that skin cultures have as carcinogen screening 
systems. The characterization of other metabolizing 
systems in skin cultures should contribute towards their 
development as models for studying toxicity in skin.
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3.5 METABOLISM IN SKIN
The skin is the largest organ in man, having a surface 
area of up to 2ms; and a weight estimated at 4kg, which is 
about three times the weight of the liver (Pannatier et 
al. , 1978). Most of the metabolizing systems present in
the liver have also been found in skin, though at much 
lower levels of activity; typically 2-6% of hepatic values 
CFohl et al., 1976).
The metabolic activity of skin can alter the structure of 
substances entering the body by percutaneous absorption 
and thus affect the total body response to drugs, and this 
ability can be utilized in the delivery of topically 
applied drugs. A lack of metabolizing activity can also 
be important, since penetration of a chemical through the 
skin into the systemic circulation avoids 'first-pass' 
hepatic drug metabolism. For example, topically applied 
hexachlorophene is not metabolized to any extent and 
passes into the bloodstream unchanged, while orally 
ingested hexochlorophene quickly reaches the liver through 
the enterohepatic shunt and is metabolized to a less toxic 
product (Wester and Maibach, 1986). So as in the case of 
hexachlorophene, some chemicals may be more toxic after 
topical application than when administered orally.
The ability of the skin to act as an organ of drug 
metabolism for some chemicals and merely as an inert 
portal of entry into the systemic circulation for other
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chemicals, highlights the necessity for characterizing the 
enzyme complement of skin cultures used in toxicity tests. 
The following is a summary of the various cutaneous 
metabolic pathways and enzyme systems.
I
3.5.1 CARBOHYDRATE METABOLISM
Most of the enzymes of carbohydrate metabolism found in 
other tissues, have also been identified in skin including 
hexokinase, phosphoglucomutase and glycogen synthetase 
(Bickers and Kappas, 1980). Skin glucose levels are 
estimated to be equal to approximately 50% of the total 
amount seen in the blood (Hsia, 1971). The pathways for 
glucose metabolism are unusual in that anaerobic gly­
colysis predominates and lactate is the major end product 
(Freinkel, 1960).
3.5.2 LIPID METABOLISM
Skin is an intensive site of lipid metabolism, and fatty 
acids with a chain length up to C-30 are produced 
(Nicolaides, 1974). The major source of energy in skin 
comes from fatty acid oxidation (Freinkel,.1960). Hsia et 
al. (1970) demonstrated that lipid metabolism occurred in
both the epidermis and dermis of the skin.
- 35 -
3.5.3 PROTEIN METABOLISM
Protein synthesis is very active in the skin as can be 
seen by the large proportions of collagen and keratin 
present. Extensive studies have confirmed that isotopic- 
ally labelled amino acids are incorporated into epidermal 
cells at all levels, the patterns of uptake reflecting the 
nature of the proteins synthesized in each layer (Bickers 
and Kappas, 1980). Fukuyama and Epstein (1968) have shown 
that glycine, leucine and alanine are incorporated mainly 
in the basal cell layer, whereas arginine, histidine and 
methionine are incorporated in the granular cell layer.
3.5.4 XENOBIOTIC METABOLISM
The skin has the capacity to metabolize many foreign 
compounds and can participate in both phase I (function­
al ization) reactions like oxidation, reduction and 
hydrolysis, and phase II (conjugation) reactions like 
glucuronide and sulphate conjugate formation. Some 
examples of the principal xenobiotic-metabolizing systems 
are listed in Table 3.1 and additional detail is given in 
the following sections.
Considering its importance as a barrier and its metabolic 
activity, skin has been one of the least studied organs of 
the body, from a biochemical point of view. As the 
relevance of skin metabolism to cancers of the skin and 
drug delivery (activation of a pro-drug or avoidance of
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first pass liver metabolism) is realised, the numbers of 
such studies are increasing.
3.5.4.1 STEROID METABOLISM
Steroid hormones and their effects in skin have been 
extensively studied and some good reviews exist (Pannatier 
et al., 1978; Bickers and Kappas, 1980; Hsia, 1971). For 
many of the cutaneous metabolic pathways there exist 
examples involving steroids. Alcohol oxidation of the 
alicyclic alcohol groups present in steroids has been 
shown to occur in human skin: [hydrocortisone -4 cortisone
(Hsia, 1971); testosterone -* A*1— androstene-3, 17-dione 
(Pannatier et al., 1978)]. Hydroxylation of alicyclic
carbon atoms occurs in human skin: [ dehydroepiandrosterone
-* 7oc- and 7j3-hydroxydehydroepiandrosterone (Faredin et
as do es
al., 1969)3; the 3-carbonyl reduction of progesterone to
the 3a and 3£ hydroxylated metabolites (Hsia, 1971) and 
the reduction of carbon-carbon double bonds [hydro­
cortisone -4 al lodihydrocortisol, testosterone -4 5a- 
dihydrotestosterone (Pannatier et al. , 1978); progesterone
-» 5a-pregnane derivatives (Hsia, 1971)3.
In addition to the phase I metabolism routes, Phase II 
sulphate formation has been demonstrated [dehydroepiandro­
sterone and As-androstene-3J3, 17j3~diol (Berliner et al., 
1968)3.
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TABLE 3.1 XENOBIOTIC METABOLIZING SYSTEMS DEMONSTRATED IN
MAMMALIAN SKIN
REACTION EXAMPLES REFERENCES
Phase 1 —
Oxidation 17j3-hydroxysteroid
dehydrogenase
Aryl hydrocarbon
hydroxylase
7-ethoxycoumarin
deethylase
Monoamine oxidase
Hsia <1971)
Bickers & Kappas <1978) 
Moloney et al. <1982)
Goerz et al. <1981) 
Hakanson & Moller <1963)
Reduction Ketoreductase Hsia <1971)
5a-reductase Pannatier et al. <1978)
Hydrolysis Epoxide hydrolase Bentley et al. <1976) 
Mukhtar & Bickers <1981) 
Oesch <1972)
Aryl ester 
o-dealkylase Pannatier et al. <1981)
i
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TABLE 3.1 (continued)
REACTION EXAMPLES REFERENCES
Hydrolysis Esterases Pannatier et al. <1978) 
Findlay <1955)
Johansen et al. <1986) 
Tauber & Rost <1987) 
Rawlins et al. <1979)
Ph&3£__2.
Methylation Catechol-o-methyl 
transferase Hakanson & Moller <1963) 
Rugstad & Dybing <1975) 
Bamshad <1969)
Glucuron-
idation
UDP-glucuronos/j
transferase Stevenson & Dutton <1960) 
Moloney & Bridges <1982) 
Aitio & Marniemi <1980)
Sulphation Sulphotransferases Berliner et al. <1968) 
Moloney et al. <1982) 
Stevenson & Dutton <1960)
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One major difference between steroid hormone biotrans- 
forraation in the skin and in the liver is the stereo- 
specific insertion of the hydrogen atom at the C-5 
position. In the liver a 50:50 distribution of 5a and 5p 
metabolites is not uncommon, but in most skin studies only 
5a metabolites are produced (Bickers and Kappas, 1978). A 
difference such as this in the biotransformation of 
steroids can greatly influence the total physiological 
response to these compounds.
3.5.4.2 CYTOCHROME P-450
The term cytochrome P-450 describes one or more haemo- 
proteins which combine in their reduced form with carbon 
monoxide to give an absorption maximum around 450nm COmura 
and Sato, 1964). The mixed function oxidase system, 
responsible for most oxidations, utilizes cytochrome P-450 
and is capable of acting on many substrates (Paine, 1980). 
They have been shown to be the sites where oxygen, 
electrons from NADPH and drugs all interact to make a drug 
sufficiently polar to be excreted or further metabolized 
and hence potentially less toxic. These enzymes may also 
metabolize inert chemicals to electrophi1ic products that 
can bind irreversibly to cellular material causing toxic 
or carcinogenic effects (Guengerich and Macdonald, 1984).
The cytochromes P-450 have a very wide substrate specif­
icity due, in part, to the existence of multiple forms - 
in animals (Ryan et al. , 1982) and in man (Boobis and
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Davies, 1984). These enzymes are capable of catalysing 
the oxidation of fatty acids and alkanes, steroids, 
polycyclic hydrocarbons <Paine, 1980), the reduction of 
azo dyes, epoxides, N-oxides, halomethanes and hydro­
peroxides (Guengerich and MacDonald, 1984). The enzymes 
are induced by many classical inducing agents such as 
phenobarbital, 3-methylcholanthrene and the polychlorin­
ated biphenyl mixture, Arochlor 1254 (Ryan et al., 1979).
The oxidation of many pro-carcinogens by cytochromes P-450 
is an important factor in the toxicity of industrial solv­
ents, oils and smoke which may gain access to the body 
through the skin (Levin et al., 1982). Liver contains the 
maximum mono-oxygenase activity and as such has been 
extensively studied, but a variety of extrahepatic tissues 
(Connelly and Bridges, 1980) including skin, (Bickers et 
al, 1974; Pohl et al, 1976) contain this activity but to a
lesser degree. The skin has the capacity to synthesize 
the porphyrin and heme necessary to produce P-450 (Bickers 
and Kappas, 1980).
A number of studies have demonstrated the inducibility of 
P-450 in skin (Bickers et al. , 1974, 1980; Pannatier et
al., 1981; Pohl et al., 1976; Moloney et al., 1982). The 
inducibility of P-450 in cultured skin epidermal cells has 
also been examined (Parkinson and Rewbold, 1980; Bickers 
et al. , 1982k) but activities tend to be lower than in
freshly isolated cells.
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The skin is capable of metabolizing a wide range of 
xenobiotics by microsomal mono-oxygenation. On a whole 
organ basis, skin contains only about 2% of the total 
activity present in the liver but skin metabolism can 
still have an important local effect on topically applied 
drugs and xenobiotics <Finnen, 1987).
Different cell populations within skin epithelium contain 
different activities of P-450 and associated microsomal 
drug-metabolizing enzymes: Coomes et al., <1983) showed 
that sebaceous cells contained the greatest activities 
while basal cells contained the least. The types and 
activities of P-450 present in skin vary from those 
present in the liver and also from those present in other 
species: Moloney et al. , <1982) showed there to be
significant differences between the cytochromes P-450 
supporting 7-ethoxycoumarin deethylation in the skin and 
liver of rats and hairless mice.
One type of P-450, namely P-450JBMR-3, previously known as 
P-448 <Guengerich, 1987), appears to be more readily 
induced than other forms of P-450 in mammalian skin 
<Bickers and Kappas, 1980). P - 450 jb im f- -~i3 tends to have high
catalytic activity in the hydroxylation and epoxidation of 
polycyclic aromatic hydrocarbons <Van Bladeren et al.,
1984) and treatment of rats with polycyclic hydrocarbons 
induces P-450jBNi»-e in their livers by as much as 50- to 
100-fold <Guengerich, 1987). Because P-450j3imi-~i;3 is more 
readily induced than other P-450'3 in skin and achieves
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good metabolic activation of polycyclic hydrocarbon 
carcinogens, it is likely to be of importance in the 
initiation of skin cancers.
The microsomal enzyme, aryl hydrocarbon hydroxylase 
(Benzo<a)pyrene hydroxylase) is involved in the metabolism 
of selected polycyclic aromatic hydrocarbons and is one of 
the P-450 dependent mono-oxygenases requiring NADPH and 
molecular oxygen for its activity <Conney et al., 1957). 
AHH has been found in most mammalian tissues and is the 
most thoroughly studied drug-metabolizing enzyme in skin 
<Bickers and Kappas, 1980). Cytochrome P-450 functions as 
the terminal oxidase of this system and studies with 
inducers of the model hepatic cytochrome P-450 substrates, 
7-ethoxycoumarin and 7-ethoxyresorufin. have shown 
distinct differences in the activities found in liver and 
skin from the same species (Moloney et al., 1982).
AHH activity in skin and mono-oxygenase activity in 
general is unequally distributed in different skin layers, 
the highest activity being in the epidermis in terms of 
specific activity per mg protein, DNA or wet weight <.Akin 
and Norred, 1976; Bickers et al., 1982; Mukhtar and
Bickers, 1981), but in the dermis in terms of activity per 
unit area (Finnen et al., 1985).
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3.5.4.3 EPOXIDE HYDROLASE
While the P-450 dependent mono-oxygenase, AHH, activates 
various olefinic and polycyclic aromatic hydrocarbons to 
alkene and arene oxides respectively <Mukhtar and Bickers,
1981), microsomal epoxide hydrolase further transforms 
these electrophilic epoxides to the corresponding diols 
(Oesch, 1972). The activity of epoxide hydrolase can be 
an important factor determining the toxic effect of the 
epoxides produced by AHH, since they are very lipophilic 
and if not removed by further metabolism can remain in the 
endoplasmic reticulum after formation and reach the 
nuclear DNA by diffusion <Bentley et al., 1976). With the
induction of AHH activity in skin by Arochlor 1254, a 
level of induction far higher than that seen for epoxide- 
degrading enzymes was observed <Bickers et al., 1982^ ), and 
from this it has been suggested that skin is at a far 
greater risk from electrophilic epoxides <Mukhtar and 
Bickers, 1981).
3.5.4.4 GLUTATHIONE S-TRANSFERASE
The glutathione <GSH) S-transferases are multifunctional 
enzymes found principally in the cytosolic fractions of 
many cell types but also in the mitochondrial and micro­
somal fractions of liver cells. They catalyse the 
conjugation of GSH with a wide variety of electrophilic 
compounds <Mukhtar and Bickers, 1981). GSH S-transferases 
have been shown to be inducible by Arochlor 1254 in the
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cytosolic fraction of homogenized neonatal rat skin but to 
a far lesser degree than in liver. As with epoxide 
hydrolase, another epoxide-degrading enzyme, it is 
possible that the skin is at a greater risk than liver 
from the effect of some reactive metabolites (Mukhtar and 
Bickers, 1981).
3. 5. 4. 5 UDP-GLUCUROROSYLTRANSFERASE
Glucuronide synthesis is considered to be one of the most 
important conjugation (Phase II) type reactions occurring 
in mammals, with UDP-glucuronosyltransferase catalysing 
the conjugation of glucuronic acid with either the oxygen, 
nitrogen or sulphur atoms of a wide variety of compounds 
(Aitio and Marniemi, 1980).
Many products of mixed-function oxidase activity are 
potential substrates for glucuronide conjugation and 
because glucuronides are usually less toxic this rep­
resents a route of detoxification. UDP-glucuronosyl- 
transferase activity has been demonstrated in rat and 
hairless mouse skin microsomes (Moloney and Bridges,
1982), in mouse skin homogenates after topical application 
of benzo(a)pyrene (Stevenson and Dutton, 1960) and in 
epithelial skin cell cultures (Rugstad and Dybing, 1975).
UDP-Glucuronosyltransferase activity present in mammalian 
skin is not as readily inducible as in liver (Aitio and 
Marniemi, 1980). An 80% increase in the glucuronidation
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of 2-ami nophenol in mouse skin ■treated with benzo <a> pyrene 
has been reported <Dutton and Stevenson, 1962).
A two-fold increase in glucuronidation has been achieved 
by Moloney and Bridges <1982) in both rat and hairless 
mouse skin microsomes using the detergent Triton X-100 and 
a 30% increase when they were treated with magnesium.
These increases are thought to have been achieved not by 
induction but by disruption of the endoplasmic reticulum 
resulting in an increase in the amount of enzyme available 
to the substrate.
3.5.5 LOCATION OF SKIN ENZYMES
One of the first reports on the localization and activity 
of skin enzymes was a histological study by Montagna 
<1955) who examined human skin and found that the greatest 
activity occurred in the epidermis, hair follicles and 
sweat glands. Further evidence has established that the 
epidermis is the major site of metabolism in human skin 
<Yu et al., 1979; Bickers and Kappas, 1980; Akin and
Norred, 1976). In terms of wet weight, esterase activity 
is 4-9 times higher in the epidermis than the dermis of 
mouse skin and 96.5% of aryl hydrocarbon hydroxylase 
activity is located in the epidermis <Martin et al.,
1987). Finnen et al. , 1985 has argued that in terms of
unit area the dermis is more active, but either way, the 
compounds that manage to reach the dermis are unlikely to 
undergo much metabolism since they are usually removed
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quickly by the capillary circulation. On the cellular 
level, enzyme activity is found principally in the smooth 
microsomal fraction (Finnen et al., 1985) and to a lesser 
extent in the cytosolic fraction (Pannatier et al., 1981).
Specialized skin structures, including sebaceous glands, 
eccrine sweat glands and hair follicles, often have enzyme 
complements and activities different from the skin 
surrounding them. The sebaceous glands are dependent on 
stimulation by androgens for growth and activity and are 
involved in steroid metabolism, possessing a high 5a- 
reduction activity which can metabolize testosterone to 
5a-dihydrotestosterone (Martin et al. , 1987). Coomes et
al., 1983 found that aryl hydrocarbon hydroxylase, 
7-ethoxycoumarin O-deethylase, UDP-glucuronosyltransferase 
and GSH-S-transferase activities were highest in the 
sebaceous glands. In fact sebaceous glands contain 
enzymes for glycogen metabolism, active glycolysis, amino-' 
acid metabolism and lipid metabolism (Martin et al.,
1987). Eccrine sweat glands contain a wide range of 
esterases (Hermann and Habbig, 1976) while hair follicles 
have been shown to contain 5a-reductase and 17j3-hydroxy- 
steroid dehydrogenase activity (Fazekas and Sandor, 1973).
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3.6 ESTERASES
Esterases are found throughout the tissues of the body. 
Acetylcholinesterases are found mainly in the nervous 
tissue and erythrocytes and butyrylcholinesterases are 
found in plasma but also in many tissues including skin 
and liver (Magnus and Thompson, 1954). Carboxylesterases 
are found mainly in the liver but to lesser degrees in 
many other organs and tissues including kidney, muscle, 
brain and nerves (Satoh, 1987).
Choiinesterases (Magnus and Thompson, 1954; Cotton et al., 
1973b) and carboxylesterases (Findlay, 1955; Cotton et 
al., 1973a) have been demonstrated in human skin. Con­
sidering the number of esters to which the skin may be 
exposed - drugs such as procaine, betamethasone valerate 
and hydrocortisone valerate, industrial solvents such as 
phenolates, methylacrylate and vinylacetate and insect­
icides such as malathion - the role of esterases in the 
expression of skin toxicity cannot be underestimated.
3.6.1 CLASSIFICATION
Esterases are classified as hydrolases (Dixon and Webb,
1979), a diverse group of enzymes which are capable of 
hydrolysing peptides, amides and halides in addition to 
esters. Because these enzymes can hydrolyse non-ester 
bonds, classification has always been difficult (Walker 
and Mackness, 1983). Sometimes terms are used which
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describe only particular reactions, for example, 'phos­
phatases' hydrolyse P-O-C bonds and 'amidases' hydroiyse 
amide bonds. However esterases in general have broader 
substrate specificities and many have esterase, amidase 
and phosphatase activity (Junge and Krisch, 1973).
Augustinsson (1961) developed a classification based on 
the hydrolysis of simple substrates such as phenylacetate, 
triacetin and butyrylcholine. This system distinguishes 
between aliesterases (hydrolysing aliphatic substrates), 
arylesterases (hydrolysing aromatic substrates) and 
cholinesterases (hydrolysing choline esters). Unfortun­
ately it has been found that the distinctions between ali- 
and arylesterases are not that sharp since many ali- 
esterase preparations will hydrolyse arylesters (Junge and 
Krisch, 1973).
Aldridge (1953) classified esterases on the basis of their 
interaction with organophosphates. 'A*-esterases hydrolyse 
organophosphates and 'B'-esterases are inhibited by them. 
This difference arises because in 'B'-esterases a serine 
residue at the active site is phosphorylated, whereas this 
does not appear to occur with 'A'-esterases. This method 
takes little account of substrate specificity, apart from 
that towards organophosphates, but it does not have the 
problems of overlapping hydrolysing activities seen in 
Augustinsson's method with the terms aliesterase and 
arylesterase .
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Those that reject Augustinsson's system often use the term 
' carboxylesterase' to cover all esterases hydrolysing 
esters of carboxylic acids, but this term is also applied 
to a more specific enzyme that is synonymous with the 
aliesterase of liver (Junge and Krisch, 1975).
The International Union of Biochemistry proposed the 
following groups in 1978:
3.1.1.1 Carboxylesterase (synonymous with ali­
esterase, 'B'-esterase), systematic name 
carboxylic ester hydrolase
3.1.1.2 Arylesterase (synonymous with 'A'-esterase 
and paraoxonase), systematic name aryl-ester 
hydrolase
Walker and Mackness (1983) suggested that these two 
classifications be removed since 3.1.1.1 does hydrolyse 
aryl-esters and 3.1.1.2 hydrolyses ali-esters and there­
fore, as mentioned before, there is little reason for the 
terms aliesterase and arylesterase. In addition, prep­
arations without paraoxonase activity show arylesterase 
activity, meaning that the term arylesterase is not 
synonymous with 'A'-esterase or paraoxonase.
The term, non-specific esterase, is also commonly used, 
and refers to the use of substrates such as naphthyl-
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acetate and indoxylacetate that are hydrolysed by many 
enzymes, some of which are esterases.
3.6.2 CHOLINESTERASES
3. 6. 2. 1 ACETYLCHOL IU'ESTERASE
Acetylcholinesterase is present in nervous tissue where it 
is bound to cell structures and is responsible for the 
hydrolysis of the neurotransmitter acetylcholine 
<Leuzinger et al., 1969). According to the theory of
Hachmansohn <1966), acetylcholine is released by ex­
citation in excitable membranes as a specific signal and 
causes a conformational change of an acetylcholine- 
receptor protein located in these membranes. The result 
is an increased ion permeability in which 20,000 to 40,000 
ions move across the membrane for each acetylcholine 
molecule released. The ion barrier is restored through 
the hydrolysis of acetylcholine by acetylcholinesterase.
The most common form of acetylcholinesterase has a 
molecular weight of 250,000 daltons and contains four 
globular protein units (monomers) of about 60,000 daltons 
each <Froede and Wilson, 1971). Brimijion <1983) de­
scribes six different molecular forms of acetylcholin­
esterase: the first three consist of one, two and four 
globular subunits linked together by disulphide bridges, 
the other three forms possess a 'collagen tali' producing
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structures containing four, eight and twelve globular 
subunits.
Acetylcholinesterase is most specific for choline esters 
containing the acetyl group but it will hydrolyse other 
choline esters. The hydrolysis rates for choline esters 
follow the order:
acetyl > propyl > butyryl (Bergman et al., 1950).
The active site of acetylcholinesterase is thought to 
consist of two subsites, an anionic site and an esteratic 
site.
esterat ic  site anionic site
FIGURE 3.4
PROPOSED STRUCTURE OF THE CATALYTIC SITE OF 
ACETYLCHOLINESTERASE (FROEDE AND VILSON, 1971)
In the above model, the hydroxyl group of serine functions 
as a nucleophile to displace choline and form an acetyl 
enzyme. The imidazole of histidine serves as a general
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base and a proton in the esteratic site is thought to be 
involved in the catalysis, perhaps by transfer to make 
choline the leaving group.
Acetylcholinesterase is inhibited by high concentrations 
of acetylcholine <> l-2mM) and has a pH optimum of 8.25 
<Bergman et al., 1958). Additional anionic centres
located in peripheral sites are thought to exist and these 
appear responsible for the excess substrate inhibition 
(Eosenberry, 1975).
Apart from choline esters, acetylcholinesterase will also 
hydrolyse esters of substituted phenols, indoxylacetate 
and napthylacetate (Underhay, 1957).
3.6.2.2 BUTYRYLCHOLIHESTERASE
Butyrylcholinesterase, also termed pseudocholinesterase, 
is found in almost all major systems of the mammalian 
body, but principally in mammalian plasma, and is thought 
to have a similar quaternary structure to that of acetyl­
cholinesterase (Vigny et al., 1978). It has a molecular 
weight of about 200,000 Daltons and the active site, like 
acetylcholinesterase, possesses both an anionic subsite 
and an active serine-esteratic subsite (Bergman and 
Wurzel, 1954; Bergman et al., 1956). Acetylcholinesterase 
is thought to possess additional anionic centres in 
peripheral sites (Rosenberry, 1975) and the differences in 
substrate specificity between it and butyrylcholinesterase
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are believed to be due to the interaction between 
catalytic and peripheral sites <Vigny et al., 1978).
Comparison of the substrate specificities of acetyl- and 
butyrylcholinesterases revealed that the order of 
hydrolysis rate for butyrylcholinesterase was reversed;-
butyryl > propyl > acetyl (Augustinsson, 1959).
Little is known about the natural substrates, inducers or 
true function of butyrylcholinesterase (Kutty, 1980). 
Suggestions for its functions include those which say it 
is a precursor of acetylcholinesterase <Koelle et al., 
1977), that it is involved in the maintenance of the 
myelin sheath of nerve cells <Ord and Thompson, 1952) or 
that it is involved in the homeostatic mechanism con­
trolling the levels of choline in plasma <Kutty, 1980).
The concentration and properties of the plasma cholin- 
esterases vary greatly between different animal 
species. Butyrylcholinesterase is the main cholinesterase 
found in human, horse, cat, dog, and guinea pig plasma, 
while propionylcholinesterase is the main one found in the 
cow, rabbit, and rat plasma. A butyrylcholinesterase 
which hydrolyses phenylacetate at a rate only slightly 
lower than that of butyrylcholine, has been found in swine 
plasma (Augustinsson, 1959).
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Studies by Ord and Thompson <1951) showed that in the rat, 
acetylcholinesterase was located mainly in the brain, 
skeletal muscle and adrenal glands, butyrylcholinesterase 
mainly in the heart, intestine and skin and a mixture of 
both in stomach, lung, liver and salivary glands.
3.6.2.3 CARBOXYLESTERASE
Carboxylesterases are proteins capable of catalysing 
hydrolytic reactions of the three types shown in figure
3.5.
The maximum for the reaction rate is found at an acyl 
chain length of C:3 to C«s. In general, the enzymes are 
made up of subunits with molecular weights of between 
45,000 and 80,000 daltons associated into trimers; 
although dimers and tetramers have been reported <Heymann,
1980). Mentlein et al. <1980) has separated five ester­
ases from rat liver with isoelectric points of pi 5.2,
5.6, 6.0, 6.2 and 6.4. Among the five isoenzymes, the two 
closely related forms hydrolysing palmitoyl-CoA and long- 
chain monoacyl glycerides <pl 6.2 and 6.4), exhibit the 
highest capacity for the hydrolysis of propanilid and 
aspirin <Mentlein and Heymann, 1984). The non-specific 
esterases of liver are responsible for the hydrolysis of 
procaine, clofibrate, isoarecaidine esters, butani1icaine, 
actanoylamide and possibly butyrylcholine <Satoh, 1987).
An apparent lipase activity of some isoenzymes of
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FIGURE 3.5
MAI I REACT I OB'S OF CARBOXYLESTERASES
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carboxylesterase indicate that carboxylesterases may be 
involved in lipid metabolism (Mentlein and Heymann, 1984).
Carboxylesterases have wide substrate specificities and 
are capable of hydrolysing both aliphatic and aromatic 
esters. Many different substrates have been used in the 
determination of carboxylesterase activity including 
p-nitrophenyl acetate, methylbutyrate, ethylbutyrate, o-, 
m- and p-nitrophenyl butyrate, ethylbenzoate and acet- 
anilide <Krisch, 1971). In general, most carboxyl­
esterases appear to have a higher activity with the more 
lipophilic esters than with polar or charged substrates. 
Some labile ester substrates, such as o- and p-nitrophenyl 
acetate, are also split by several endopeptidases and 
other enzymes including 3-phosphoglyceraldehyde dehydro­
genase and carbonic anhydrase, but their activity is 
generally low when compared with the action of 'true' 
esterases (Krisch, 1971). Charged esters, such as those 
of choline, are either very poor substrates or are not 
hydrolysed at all and so it can be assumed that hydro- 
phobic bonding plays an important part in the binding of 
the substrate to the enzyme (Dixon and Webb, 1979).
Carboxylesterase is also capable of transferring acyl 
groups to nucleophilic receptors. Bergraann and Wurzel 
(1953) demonstrated transfer of the acyl moiety from 
glycine ethyl ester to hydroxylamine to form the hydrox- 
amine acid.
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The optimum pH for most mammalian carboxylesterases has 
been found to occur in the range of pH 7.5-9.0 (Krisch, 
1971).
All serine hydrolases are strongly inhibited by organo- 
phosphorus compounds such as diethyl p-nitrophenyl- 
phosphate (paraoxon) and diisopropylfluorophosphate (DFP), 
and these have proved extremely useful in the elucidation 
of the enzyme’s active site and mechanisms of action. 
Radiolabelled DFP has been used to identify the active 
site of carboxylesterase and in all cases this was found 
to be the ^-hydroxyl group of a serine residue (Heymann et 
al., 1970). The amino acid sequence in the vicinity of
this 'active serine' has been established as:
Gly - Glu - SerP - Ala - Gly (P = Phosphorylated)
Carboxylesterase is widely distributed in the tissues of 
vertebrates, insects, plants and mycobacteria (Satoh,
1987). In animals the highest activity is found in the 
liver (Junge and Krisch, 1975) but moderate activity is 
found in kidney, duodenum and brain and lower activity in 
lung, testis, muscle, adipose (Satoh, 1987) and skin 
(Maruyaraa et al., 1980). Different molecular species of 
carboxylesterase (isoenzymes) exist within the various 
tissues (Satoh, 1987).
Carboxylesterase activity is found predominantly in the 
microsomal fraction of cells (Krisch, 1971). Occasion-
- 58 -
ally, carboxylesterase activity is found in the nuclei, 
mitochondria and cytosol fractions of homogenized liver, 
but much of this is probably due to contamination of these 
fractions with fragments of the endoplasmic reticulum 
(Junge and Krisch, 1975).
Carboxylesterases can be induced by a number of foreign 
compounds such as phenobarbital and 3-methylcholanthrene 
(Kaur and Basheer, 1983). Satoh (1987) reported that 
3-methylcholanthrene had no inductive effect on microsomal 
carboxylesterase but did moderately induce the hepatic 
cytosolic and kidney microsomal carboxylesterase act­
ivities.
3.6.3 INHIBITION OF ESTERASES
Generally, short-term inhibition of butyrylcholinesterase 
and carboxylesterase in humans has no obvious deleterious 
effect (Kutty, 1980), but because acetylcholinesterase is 
intrinsically involved in restoring the ion barrier in 
nerves after an impulse, inhibition of this esterase 
disturbs this function and can lead to respiratory 
failure. A list of some commonly used inhibitors and 
their specificities are shown in table 3.2 and their 
formulae in figure 3.6.
- 59 -
TABLE 3.2 SOKE ESTERASE INHIBITORS AND THEIR SPECIFICITIES
ESTERASE SPECIFICITY
INHIBITOR AChE BuCHE CARBOXYL REFERENCE
BV284C51
(reversible)
X Austin & 
Berry (1953)
Ethopropazine
(reversible)
X Todrick
(1954)
DFP
(irreversible)
X  X Hawkins & 
Kendel (1947)
BPNP
(irreversible)
X Mentlein et 
al. (1980)
Paraoxon
(irreversible)
X  X  X Junge and 
Krisch (1975)
Sarin
(irreversible)
X X X Sterri (1981)
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BW284C51
(CH2-CHCH2)JN ^ - C H rQH!
21* C=0
2 '2
1,5-bis (4-al lyldimethylaminophenyl) 
pentane-3-one diiodide
Ethopropazine
/CHjCH,
N
c h c^ h NCH2CH3
10H-(2-diethylamino-1-propyl)phenothiazine 
hydrochloride
BPNP
o
Bis(p-nitrophenyl)phosphate
DFP
(CHj)2CHO yO 
p
(CH,)!CHO/  f
Di isopropylf1urophosphate
Paraoxon
o2n
OCKCH.
I
O -P —o
OCH2CH3
Sarin
c h3
I
(CH3)2CHO—P - 0
Diethy1-p-nitropheny1phosphate Isopropylmethylphosphonofluoridate
FIGURE 3.6
FORMULAE OF SOME ESTERASE IffHIBITORS
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3.6.3.1 CHOLINESTERASE INHIBITORS
Any substituted ammonium ion, especially a tertiary or 
quaternary ammonium ion, is a potential inhibitor of 
cholinesterases because it would be capable of binding at 
the anionic site (Froede and Wilson, 1971); thus phenyl- 
trimethylammonium, N-methylpyridinium, N-methylquinolinium 
and N-methylacridinium ions are potent inhibitors.
Esteratic site inhibitors include organophosphates, 
methane sulphonates and carbamates. Organophosphates 
having the structure <I> are inhibitors where R is an aryl 
or alkyl group, Ri is an aryloxy, alkoxy, aryl, alkyl or 
substituted amino function, and X is a leaving group such 
as p-nitrophenol, CN, F or phosphate diester (Bracha and 
O'Brien, 1970). DFP is a particularly potent inhibitor of 
this type.
Carbamates having the general structure <II> are 
inhibitors where R and Ri may be hydrogens, alkyl or aryl 
groups and X is a leaving group. These compounds react
o
Ri
u>
with the enzyme to form a carbamyl enzyme <Froede and
62
Wilson, 1971). Dimethylcarbamyl fluoride and physo- 
stigmine <eserine) are potent inhibitors of this type.
Methane sulphonates with the structure CHsSOzX (where 
X=C1, Br, F or 3-hydroxyphenyltrimethylammonium) react 
with the hydroxyl group of serine to form a methane 
sulphonyl enzyme derivative (Wilson et al., 1960).
A number of inhibitors allow discrimination between 
acetylcholinesterase and butyrylcholinesterase. Butyryl­
cholinesterase appears to be more sensitive than acetyl­
cholinesterase to DFP (Hawkins £ Ale*«iel a 1947) and BW284C51 
(Austin and Berry, 1953), while acetylcholinesterase is 
inhibited by ethopropazine to a greater extent than 
butyrylcholinesterase (Vigny et al., 1978; Todrick, 1954).
3. 6. 3. 2 CARBOXYLESTERASE INHIBITORS
The most important inhibitors of carboxylesterases are 
organophosphorus compounds, carbamates and organosulphur 
compounds. It has been demonstrated that all three groups 
inhibit the carboxylesterases by acylation of the active
o
N— C — X
<ii>
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site (Junge and Krisch, 1975). All serine hydrolases, 
which includes both cholinesterases and carboxylesterases, 
are inhibited by organophosphorus compounds but some 
differences in specificity are observed. Tris(o-cresyl) 
phosphate preferentially inhibits non-specific carboxyl­
esterases but not acetylcholinesterase in vitro (Myers and 
Mendel, 1953). Bis(p-nitrophenyl)phosphate (BPNP) is also 
more selective for non-specific carboxylesterases and does 
not block acetylcholinesterase, butyrylcholinesterase, 
chyraotrypsin or trypsin (Junge and Krisch, 1975). The 
fact that acetylcholinesterase is not inhibited by BPNP is 
probably due to the free anionic group of the inhibitor 
whose negative charge would prevent binding to the enzymes 
anionic site (Aharoni and O'Brien, 1968). The carbamate 
-physostigraine,- however, is a potent inhibitor of_cholin- 
esterases but not non-specific carboxylesterases (Junge 
and Krisch, 1975)
Phenylmethane sulphonylfluoride (PMSF) produces inhibition 
of many endopeptidases and esterases by sulphonylation of 
a serine residue at the active site (Myers and Kemp,
1954), while EDTA inhibits arylesterases by binding with 
the metal ion present at the active site (Junge and 
Krisch, 1975). In addition, there is no indication that 
sulphydryl groups are essential for the catalytic activity 
of carboxylesterases since p-chlororaercurybenzoate, which 
inhibits phosphoryl phosphatases, does not inhibit their 
activity (Junge and Krisch, 1975).
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3.6.4 TYPES OF INHIBITION
REVERSIBLE INHIBITION
Competitive inhibitors decrease the affinity of the 
substrate for the enzyme (increase Km) by competing for 
the same binding site as the substrate or by sterically 
hindering the binding of the substrate. Non-competitive 
inhibitors, in general, bind to the enzyme at a site 
distant from the active site so as to alter its structure 
and prevent the binding of a substrate (decrease Vmax).
An inhibitor with mixed competitive and non-competitive 
activity, where the inhibitor can bind either to the 
enzyme or enzyme-substrate complex, produces an increase 
in Km but adecrease in Vmax. Uncompetitive inhibition is 
where the inhibitor combines with the enzyme-substrate 
complex causing a decrease in Km and Vmax.
IRREVERSIBLE INHIBITION
Irreversible esterase inhibitors are predominantly 
carbamate and organophosphate esters. These compounds are 
hydrolysed in a similar way to substrate esters except 
that the carbamylated or phosphorylated enzyme inter­
mediate is stable.
For both reversible and irreversible inhibitors the degree 
of selectivity is always concentration dependent. Whether 
an enzyme is readily inhibited or not by a substance,
- 65 -
increasing the substance's concentration will eventually 
reduce the enzyme's activity (Dixon and Webb, 1979).
3.7 ESTERASES IN SKIN
3.7.1 CHOLINE ESTERASES IN SKIN
The presence of acetylcholinesterase (Thompson and 
Whittaker, 1944; Cotton et al., 1973b) and butyrylcholin­
esterase (Ord and Thompson, 1950; Magnus and Thompson, 
1954; Cotton et al., 1973b> has been demonstrated in 
mouse, rat and human skin. In human skin, Magnus and 
Thompson (1954) demonstrated that the activity of butyryl 
cholinesterase was maintained to a lesser extent than 
acetylcholinesterase ..activity, . postmortem, and that femal 
skin had a higher activity of both enzymes than male skin 
Magnus and Thompson (1954) also found that butyrylcholin­
esterase was present with greater activity in whole human 
skin than acetylcholinesterase and that it was located to 
a gi'eater extent in the dermis than the epidermis; this i 
not typical of most esterases since they are usually 
located to a greater extent in epidermis than dermis (Yu 
et al., 1980a, 1980b).
Jenner (1986) demonstrated the presence of an acetyl­
cholinesterase and butyrylcholinesterase in homogenized 
rat skin. Also, studies by Fredricksson et al. *.1961)
showed that the hydrolysis of the esters parathion and 
paraoxon occurred during their absorption through the
skin, further indicating this site to be a location of 
choline esterases.
3.7.2 NON-SPECIFIC ESTERASES IN SKIN
The activity of an esterase in human skin that was capable 
of hydrolysing short chain fatty acid esters of naphthol 
was first demonstrated by Findlay <1955). These 1naphthyl 
acetate hydrolases' were located principally in the basal 
layer of the epidermis, the hair follicles and the linings 
of the sweat ducts.
Jenner <1986) has identified an esterase that hydrolyses 
the non-specific esterase substrate, p-nitrophenylacetate, 
in homogenized rat skin. Research by Maruyama et al.
<1980) and Wolff (1972) have located non-specific estei—  
ases of the stratum granulosum of the skin of rat and 
mouse within the dendritic Langerhan's cells.
LANGERHAN'S CELLS
Langerhan's cells are mesenchymal in nature and in skin 
the majority occupy suprabasal positions - the external 
root sheath of hair follicles, sebaceous glands and the 
linings of the sweat ducts. They have also been found to 
constitute an important cellular component of the oral 
mucosal epithelium (Schroeder and Theilade, 1966; Squier 
and Waterhouse, 1970). Only stratified squamous epi- 
thelia, which have the capacity to keratinize, have been
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found to contain Langerhan's cells, CStingl and Aberer, 
1983).
Langerhan's cells are a very metabolically active 
component of the epithelium and in addition to non­
specific esterases, they contain a number of other enzymes 
including acid and alkaline phosphatases, nucleoside- 
phosphatases and cholinesterase <Wolff, 1972). The 
presence of acid phosphatase and non-specific esterases in 
Langerhan*s cells are indicators of a possible lysosomal 
activity (Squier and Waterhouse, 1970).
3.8 TRICHOTHECERE MYCOTOXINS
The trichothecenes are a chemically related group of 
fungal metabolites (sesquiterpenoids). More than 60 
different trichothecenes are known, all produced by fungi 
(Fusarium, Trichoderma, Trichothecium, Stachybotrys, 
Verticimonosporium and Cephalosporium spp). These fungi 
can invade various agricultural products and on subsequent 
consumption of these foods by humans and farm animals, a 
serious intoxication can occur.
One of the more important trichothecenes, T-2, produced by 
F.tricinctum and F. Sporotrichiodes among others, was 
isolated as the causative agent of ' mouldy corn toxicosis' 
in lactating cows in the United States (Vesonder et al., 
1973). In Japan, red-mould disease, caused by the 
trichothecenes produced by F.graminearum, occurred in
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barley and wheat and was responsible for vomiting, 
diarrhoea and haemorrhage in man <Ueno et al. , 1971).
Ingestion of straw contaminated with stachybotrys spp. by 
farm animals, can induce stachybotryotoxicosis; the 
causitive agents are several macrocyclic trichothecenes 
such as Satrotoxin H produced by S.atra, a fungal con­
taminant of straw <Eppley et al., 1977).
Alimentary toxic aleukia <ATA> or septic angina, one of 
the most well-documented food-borne diseases of man and 
farm animals in the Soviet Union, causes fever, necrosis, 
leukopenia, haemorrhage, damage to bone marrow and death 
<Ueno, 1977). F.sporotrichiodes is one of the fungi 
implicated in the production of T-2 toxin, nivalenol and 
deoxynivalenol, the causative agents of ATA.
Trichothecenes tend to produce similar toxicological 
responses in humans and animals, including dermal 
toxicity, haemorrhagic lesions, destruction of hemato­
poietic organs and depression of the immune response 
(Ueno, 1980).
In recent years there had been renewed interest in the 
trichothecenes because T-2 was suspected as the main 
constituent of a 'Yellow Rain* which was reported to have 
fallen on villagers in Kampuchea, Loas and Afghanistan. 
The use of T-2 as a chemical weapon has been suggested 
(Haig, 1982) as has its presence as a natural environ­
mental toxicant. Anderson (1983) stated that the main
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constituent of 'Yellow rain' was digested pollen in the 
faeces of honey bees. Fusarium ®PP« usually grow on 
cereal crops in cool climates and not in warm and tropical 
areas but recent evidence has revealed their presence in 
corn in Indonesia <Ackerman, 1987). So although the 
fungus is not common in tropical areas, natural infection 
of grains with Fusarium could account for the presence of 
trichothecenes in these war zones.
3.8.1 CHEMISTRY OF TRICHOTHECEHES
All the trichothecene compounds possess an epoxide ring at 
C-12,13 and a double bond at C-9,10 therefore they are 
designated 12,13-epoxy-trichothecenes; the general 
structure is shown in figure 3.7.
UenoA<1973a> has classified the trichothecenes into four 
groups according to their chemical properties and the
FIGURE 3.7
GENERAL STRUCTURE AND NUMBERING OF TRICHOTHECENES
al.
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fungi which produce them. The first (type A) is rep­
resented by T-2 toxin and diacetoxyscirpenol which are 
produced principally by F.sporotrichioides. Type B has a 
carbonyl function at C-8 (nivalenol and deoxynivalenol) 
and is produced by F. graminearum. Type C contains a 
second epoxide function at C-7, C-8, C-9 or C-10 
(Crotocin) . Type D includes those containing a macro- 
cyclic ring between C-4 and C-5 with two ester-1inkages 
(Roridin A and the Verrucarins).
3.8.2 TOXICOLOGY OF TRICHOTHECENES
All trichothecenes contain an epoxide ring, which is the 
essential reason for their activity. The cleavage of the 
12,13 epoxide group results in non-toxic compounds.
Differences in toxicity of trichothecenes depend on the 
chemical features of side chains in the molecule. The 
presence of hydroxyl groups can greatly modify their 
toxicity. For example nivalenol is about ten times more 
toxic than deoxynivalenol simply because the latter lacks 
a hydroxyl group at C-4. For a comparison of tricho- 
thecene toxicity some i.p. LD50 values in mice <mg/kg) are 
shown in table 3.3 taken from Ueno (1984).
In general, the macrocyclic trichothecenes (type D>, such 
as verrucarins, are most cytotoxic. A second epoxide at 
C-7,8 reduces the toxicity such as with crotocin.
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TABLE 3.3 LD50 VALUES IN MICE <i.p. > FOR SOME 
TRICHOTHECENES CUENO,1984)
TRICHOTHECENE LD50 <mg/kg>
verrucarin A and B 0. 5
nivalenol 4. 1
T-2 5. 2
HT-2 9. 0
diacetyInivalenol 9. 5
neasolaniol 14.5
diacetoxyscirpenol 23. 0
deoxynivalenol 70. 0
crotocin 810.0
Diarrhoea is a common symptom in experimental animals 
exposed to trichothecenes. It is thought that mycotoxins 
increase the permeability of blood vessel walls and 
intestinal mucosal epithelium and, thereby, cause leakage 
of plasma contents into the intestinal lumen which 
eventually leads to diarrhoea (Ueno, 1984). This change 
in permeability is also closely connected with the dermal 
toxicity of trichothecene compounds whereby T-2 and 
macrocyclic trichothecenes (verrucarin A and roridin A) 
induce the greatest reddening at the point of application 
to the skin.
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The vomiting effect elicited by the trichothecenes 
suggests the possible involvement of the chemoreceptor 
trigger zone <CTZ) located in the medulla oblongata 
(Matsuoka and Kubota, 1981).
Leukocytosis can occur shortly after the oral administra­
tion of trichothecenes and this may be followed by 
advanced leukopenia (Ueno, 1985).
3.8.3 GENOTOXICOLOGY OF TRICHOTHECENES
Short term mutagenicity tests such as the Ames test have 
failed to show any mutagenic activity of trichothecenes 
(Ueno and Kubota, 1976). Long-term rat feeding experi­
ments with T-2 revealed the occasional formation of 
tumours in skin and other tissues (Schoenthal et al.,
1979), while Saito et al. <1980) reported the presence of
adenocarcinoma of the stomach and papillary carcinoma of 
the bladder, with low incidence, 1-2 years after a dose of 
fusarenon-X. T-2 and deoxynivalenol but not fusarenon-X 
have been found to be teratogenic in mice (Ueno, 1985)
3.8.4 IMMUNOTOXICOLOGY OF TRICHOTHECENES
The acute and chronic toxicities of trichothecenes are 
characterized by the depletion of lymphoid tissues. T-2 
is thought to interfere with the proliferation of sup­
pressor T cells which appear in delayed hypersensitivity 
tolerant mice (Ueno, 1984). The suppression of antibody
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formation in mice by trichothecenes has also been demon­
strated (Rosenstein et al., 1979).
3.8.5 METABOLISM OF TRICHOTHECEMES
The trichothecene mycotoxins are metabolized by microbial 
and animal enzymes. Experiments with orally dosed 
labelled T-2 and fusarenon-X in rats, have demonstrated 
that these toxins are rapidly absorbed from the intestine 
and excreted in faeces and urine, principally as the 
deacetylated derivatives <HT-2 toxin and nivalenol, 
respectively) <Ueno et al., 1971). The hepatic microsomal 
esterase(s) are thought to participate in the hydrolytic 
reaction, whereby T-2 toxin and Fusarenon-X are de­
acetylated at C-4. Experiments with several inhibitors 
including eserine, DFP <Ohta et al. , 1977), BPUP, TOCP,
paraoxon, EDTA and Soman (Johnsen et al., 1986, 1988) have
demonstrated that non-specific esterase <s) catalyse the 
hydrolysis of T-2. Johnsen et al. <1986) used isoelectric 
focusing to separate the carboxylesterase activity into 
five different isoenzymes and only one of these, the 
isoenzyme of pi 5.4, was capable of hydrolysing T-2 toxin 
to HT-2. The proposed routes of metabolism of T-2 
are shown in figure 3.8.
The capacity of hepatic microsomes to convert T-2 toxin 
into HT-2 toxin is species dependent as is shown in 
table 3.4. Rabbits showed a greater ability to metabolize 
T-2 than humans and rats.
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T-2  toxin
3-Hydroxy 
T -2  toxin
OAc
CH2OAc
CH2OAc
CH2OAc 
H T -2  toxin
CH2OAc 
Neosolaniol
HO
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3-Hydroxy HT-2
' FIGURE 3.8
. ROUTES OF METABOLISM! OF T-2 TOXIR 
(YOSHIZAVA ET AL., 1984)
4-Deacetyl
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T -2  tetraol
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TABLE 3.4 T-2 TOXIN DEACETYLATION IN DIFFERENT ANIMAL
SPECIES <Ohta et al. , 1977).
SPECIES HT-2 TOXIN PRODUCED 
<nmol/mg protein/10 min)
Rabbit 3044
Human 331
Mouse 75
Chicken 55
Rat 38
Guinea-pig 14
Microsomes equivalent to 0. Ig of liver <0.Olg for 
rabbit) and ImM T-2 toxin were incubated at 37°C for 10 
or 30 minutes.
Another pathway of T-2 transformation, shown in Figure 3.8 
and found to occur in lactating cows, results in the 
production of 3'-hydroxy T-2 toxin and 3'-hydroxy HT-2 
toxin. The formation of these hydroxylated metabolites 
was shown to occur in the presence of NADPH in homogenates 
of mouse and monkey livers (Yoshizawa et al., 1984) and 
was enhanced by treating mice with phenobarbital. It was 
suggested that a cytochrome P-450 was involved in the 
hydroxylation occurring at the C-3* position of T-2 and 
HT-2 toxins.
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No accumulation of trichothecenes occur in animal tissues, 
since unmetabolized trichothecenes are rapidly excreted 
and any residues produced are further attacked by ester­
ases to yield a number of hydrolysed metabolites which are 
also readily excreted (Yoshizawa et al., 1983).
Epoxide groups of many biologically active compounds are 
capable of reacting enzymatically or non-enzymatically 
with the SH-groups present in amino acids and proteins but 
this is not the case with the epoxide ring of trichothec­
enes. The insertion of an epoxide ring into the C-C 
double bond of the aromatic ring by microsomal oxygenase 
or epoxidase, as can occur with aflatoxin Bl, does not 
occur in trichothecenes (Ueno, 1977). The formation of a 
GSH conjugate with the epoxide ring, mediated by gluta­
thione transferase, also does not occur with mycotoxins, 
as was shown with T-2 and fusarenon-X by Nakamura et al. 
<1977).
3.8.6 MODE OF ACTION OF TRICHOTHECENES 
e"t al.
UenoA<1968) first established the mode of action of 
trichothecenes by studying the effect of nivalenol on a 
reticulocyte bioassay system and establishing that protein 
synthesis was strongly inhibited. Subsequent research has 
further demonstrated that trichothecene mycotoxins are 
potent inhibitors of protein synthesis, especially in 
eukaryotes.
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From data on polysomal breakdown (Ueno et al. , 1969,
1973b; McLaughlin et al., 1977) the trichothecenes were
classified into two inhibitor types. Type I (the 
initiation inhibitor type) which include the verrucarins, 
fusarenon-X, nivalenol and T-2, and the Type ET 
(elongation-termination inhibitor type) which include 
deoxynivalenol, crotocin and verrucarol. Protein 
synthesis in eukaryotic cells takes place on polysomes 
that translate mRNA into a polypeptide chain. In the 
initiation reaction a ribosomal subunit pool joins “ .' mRNA 
in a complex reaction involving several initiation factors 
and peptidyl transferase to form the first peptide bond. 
After initiation, the ribosomes undergo 100-200 elongation 
events as the amino acids are added to the growing 
polypeptide chain. An I-type inhibitor inhibits the 
initiation of protein synthesis in reticulocytes tut, 
allows those ribosomes that have already started 
synthesizing protein to continue their translational 
cycles. An ET-type inhibitor inhibits the polypeptide 
chain elongation without the 'lag' seen with I-type 
inhibitors.
Trichothecenes have a high affinity for the 60S subunit of 
mammalian ribosomes and are potent inhibitors of the 
peptidyl transferase catalytic centre. A good correlation 
is observed between the inhibition of protein synthesis by 
trichothecenes and their affinity for ribosomes (Wei et 
al., 1974; Cannon et al., 1976).
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Trichothecenes also inhibit DRA and RITA synthesis in 
mammalian cells, in vitro, but the inhibition is not 
caused by a direct effect on DRA-dependent RRA polymer­
ases. At present, the inhibition of nucleic acid, sj/nfhesis is 
presumed to be caused by secondary effects of tricho­
thecenes (Ueno, 1985).
In addition to the inhibition of DRA and protein synth­
esis, T-2 toxin produces single strand breaks in the DRA 
of lymphoid cells without causing major damage to hepatic 
DRA (Rosenstein and Lafarge-Frayssinet, 1983). Schoenthal
et al. <1979) described the appearance of a small number 
of tumours in the rat in organs other than in the liver.
The sensitivity of the lymphoid and non-liver tissues may 
be due to a low level of detoxification enzymes such as 
glutathione transferases or the presence of a receptor for 
trichothecenes on the surface of these cells (Rosenstein 
and Lefarge-Frayssinet, 1983).
3.8.7 SKIR EFFECTS OF TRICHOTHECERES
Agricultural workers, laboratory workers and people in war 
zones have been cutaneously exposed to trichothecenes 
(Kemppainnen et al., 1986). Certain trichothecene myco­
toxins are potent skin irritants in animals and this 
biological action was applied for the screening of 
trichothecene-producing fungi in the past (Hayes and 
Schiefer, 1979). The effects of trichothecenes range from 
simple reddening to complete necrosis, the severity of the
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effect depending on their chemical structure: type A and D
toxins (T-2 and verrucarin A respectively) are more toxic 
than type B toxins such as nivalenol and deoxynivalenol 
(Ueno, 1980).
As little as 0. IS/ig/cnP of T-2 can produce microscopic 
changes in rat skin (Wei et al,, 1972). The mechanism of
skin toxicity is not clear but it is believed to reside in 
the ability of trichothecenes to disrupt mast cells and 
release chemical mediators; in viva this results in an 
increase in permeability of the skin and blood vessels as 
indicated by the inflammatory exudate produced (Ueno,
1980).
The local and systemic effects which result from cutaneous 
exposure depend largely upon the rate of percutaneous 
absorption and the extent of metabolism. Percutaneous 
penetration and metabolism studies using excised human and 
animal skin (Kemppainnen et al., 1986) revealed that the 
rate of T-2 penetration through human skin, though low, 
was greater than through guinea pig skin but not monkey 
skin; whereas metabolism was greater in human skin than 
both guinea pig or monkey skin. Maxwell et al. (1985) 
demonstrated that overall penetration of T-2 through human 
skin was low with most T-2 appearing in the stratum 
corneum, less in the remaining epidermis and very little 
in the dermis: the stratum corneum did not appear to offer 
an inpenetrable barrier to the lipophilic molecule. The 
appearance of a skin lesion is often delayed for 6-24
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hours regardless of the amount of trichothecene applied 
and it would seem that the retention of T-2 within the 
upper skin layers is necessary for the production of the 
lesion (Fairhurst et al. , 1985).
The T-2 lesion is best described in the studies performed 
by Fairhurst et al. (1985) where 1/ig T-2 was applied'to
the skins of rats, rabbits and guinea pigs. Mo effect was 
seen in the skins in the first 6 hours then at 24 hours an 
odematous swelling appeared at the site of T-2 applic­
ation, surrounded by an erythematous ring. At 2 days the 
erythema and oedema reached a peak and then at 3 days the 
surface of the lesion began to flake. By 5 days the / 
erythema and oedema subsided and this was followed by skin 
sloughing and eschar formation which reached a peak at 6 
days. After 10 days the lesion had healed. Higher doses 
of T-2 were found to produce a similar pattern except that 
escharosis was prolonged. Doses below Ipg failed to 
produce eschar formation and doses below 0.33pig failed to 
produce erythema and oedema.
3.8.8 METABOLISM OF T-2 TOXIM BY CULTURED CELLS
Much of the existing literature dealing with the metab­
olism of T-2 is concerned with in vivo models (Matsumoto 
et al., 1978; Pace et al., 1985; Yoshizawa et al., 1982)
or liver horaogenates (Ohta et al. , 1977, 1978; Yoshizawa
et al., 1980 1984; Ellison and Kotsonis, 1974; Johnsen et
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TABLE 3.5 STUDIES WITH T-2 TOXIN IN VARIOUS CELL
CULTURES
CELL TYPE STUDY REFERENCE
African Green 
Monkey Kidney (VERO)
Protein synthesis, 
Uptake & Loss
Thompson & Wann- 
emacher <1983)
Chinese hamster 
ovary (CHO)
Metabolism Trusal <1986)
Human fibroblasts Metabolism Trusal <1986)
Mouse connective 
tissue (L-929)
Metabolism Trusal <1986)
Rat alveolar 
macrophages
Macrophage
Function
Gerberick et al. 
<1984)
Chinese hamster 
fibroblasts <V79)
Protein synthesis, 
Uptake & Loss
Lee Si Webber 
<1984)
Mouse lymphoma 
<L5178Y)
Protein synthesis, 
Uptake & Loss
Lee & Webber 
<1984)
Rat hepatocytes Metabolism' O'Brieh et al. 
<1985)
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al; 1986) as detailed earlier. Some work has also been
carried out in perfused rat livers (Pace and Watts, 1983) 
and similarly shown that HT-2 is the primary metabolite. 
Only a few studies have examined the metabolism of T-2 in 
cell cultures and these are listed in Table 3,5.
Rat hepatocytes, in vitro, have been shown to metabolize 
T-2 to HT-2 which was further metabolized to multiple, 
unknowns (O'Brien et al., 1985). Hepatocytes usually 
metabolize T-2 to a greater extent than any other cultured 
cell type, and this is probably because they contain more 
microsomal esterases capable of hydrolysing T-2 toxin to 
the C-4 deacetylated metabolite, HT-2 (Ohta et al.., 1978) .
Trusal (1986) found that CHO, VERO, L-929 and human 
fibroblast cells were all capable of limited metabolism of 
T-2 to HT-2 and other more polar metabolites like 
3'-hydroxy T-2 toxin and T-2 Triol. CHO and VERO cells 
contained limited endoplasmic reticulum and therefore it 
was unlikely that they contained all of the microsomal 
esterases found in hepatocytes.
To date there have been no studies which have assessed the 
absorption and metabolism of trichothecenes in skin 
epithelial cell cultures but from studies in skin samples 
(Kerappainnen et al., 1984, 1986, 1987), it may be pre­
dicted that limited metabolism of T-2 to HT-2, T-2 triol
and T-2 tetraol should occur.
- 83 -
3.9 OBJECTIVES AND SCOPE OF RESEARCH
The aims of these studies were, firstly, to establish 
cultures of keratinocytes as potential skin models and, 
secondly, to investigate the use of these models as 
alternatives to in vivo toxicity studies on the skin.
The first developmental stage was to involve the standard­
ization of culture conditions to produce comparable 
cultures of a keratinocyte cell line and primary keratin- 
ocyte cultures derived from sublingual epithelium. In 
addition, pure suspensions of epithelial cells taken 
directly from sublingual epithelium in vivo, would be 
required for comparison. The second stage was to attempt 
a partial characterization of the keratinocyte cultures 
and the non-cultured epithelial cells by an investigation 
of the toxicity and metabolism of the trichothecene 
mycotoxin, T-2.
The effects of T-2 on protein synthesis and the kinetics 
of loss and uptake of the toxin in the cells were to be 
investigated.
The metabolism of T-2 to its hydrolysis products was to be 
assessed along with a characterization of the esterases 
present in the cells using a number of substrates and 
inhibitors to determine the role of the esterases in this 
metabolism.
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Assessing the esterolytic capacity of sublingual epithel­
ium should help in the prediction of the toxicological 
effects of many esters on the epithelium. A knowledge of 
the T-2 toxicity and metabolism in the cells should also 
establish the predictive ability of the keratinocyte 
cultures.
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MATERIALS AND METHODS
4 MATERIALS AND METHODS
4.1 MATERIALS
Culture media (Eagle's MEM with Earle's salts or Hank's 
salts), L-glutamine, antibiotics, trypsin, EDTA, trypan 
blue dye, foetal bovine serum <FBS), horse serum, sodium 
pyruvate, HEPES buffer and Hanks balanced salt solution 
<HBSS> were obtained from Flow Laboratories Ltd., Irvine, 
Ayrshire and Gibco, Uxbridge, Middlesex. L-C4,5-3HI 
leucine <TRK 170, 45-70 Ci mmol"1) was obtained from
Amersham International, Amersham, Buckinghamshire. 
Tritium-labelled T-2 toxin <5.53 mCi pmol '' , labelled at 
C-3), unlabelled T-2 <0.44mg ml-1) and miscellaneous T-2 
metabolites were—synthesized and-supplfed-by the- Chemistry 
Division, CDE, Porton Down. Emulsifiei~ scintillant 299 
was supplied by Packard Instrument Company. Nunc culture 
flasks were supplied by Gibco, Uxbridge, Middlesex.
Falcon ' Primaria' flasks were supplied by Becton Dickin­
son, Cowley, Oxford. Miscellaneous tissue culture plastic 
and polythene universal bottles were supplied by Sterilin 
Ltd, Teddington, London. Pre-coated TLC plates were 
obtained from Merck, Gottingen, Germany. Esterases, 
substrates, inhibitors, enzyme assay reagents, cell stains 
and fixatives were provided by Sigma Chemicals Ltd, Poole, 
Dorset. Acetylcholinesterase Ctype V-S) from electric 
eel, butyrylcholinesterase (IV-S) from horse serum and 
carboxylesterase from pig liver had activities of 1000, 
10-20 and 200 enzyme units' rag“ 1 respectively. Ultroser G
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was obtained from LKB Ltd, Selsdon, Croydon. Dispase <500 
enzyme units ml'1) was supplied by Boehringer Corporation, 
Lewes, East Sussex. Solvents and other miscellaneous 
analytical grade chemicals were from BDH Chemicals Ltd., 
Poole, Dorset unless otherwise stated.
The rats used in this study were male and female albino 
Porton-Wistar strain rats.
The RTE5 cell line was supplied by the Robens Institute, 
Guildford, Surrey. The 3T3 cell line was supplied by Flow 
Laboratories, Irvine, Ayrshire <ATCC Lot No. 4048, Pass 
No. 153). The V79 and L5178Y were supplied by the 
Institute of Cancer Research at London University and the 
Central Toxicology Laboratory, TCI, respectively.
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4.2 METHODS
4.2.1 ESTABLISHMENT AND MAINTENANCE OF RAT TONGUE 
EPITHELIAL CELL CULTURES
4.2.1.1 PRIMARY LINGUAL KERATINOCYTE <PLK> CULTURES
Primary explant cultures were prepared from the tongues of 
male and female albino Porton-Wistar strain rats employing 
a modification of the method of Hopley <1986) which itself 
was a modification of the methods of Buckley <1981) and 
Jepsen <1974). The rats were killed by cervical dis­
location then the tongues removed and submerged briefly in 
70% ethanol (to sterilize the surface) before being 
bisected longitudinally. The ventral lingual mucosa was 
transferred into 25C3IP plastic culture flasks (Falcon 
' Primaria') by explanting, with a sterile pasteur pipette, 
5 pieces of the ventral surface of each tongue. Each 
explanted piece of tongue measured approximately 2mm3 .
The tip of the tongue and sides were not used. Tissue 
explants were allowed to 'dry-on' for 60 minutes then 
medium <5ml/flask) was added. Culture medium consisted of 
Eagle's MEM with Earle's salts, 20% foetal bovine serum, 
2mM L-glutamine, lOOIUml'"1 penicillin, lOOpgml-■1 strepto­
mycin and 2.5pg/ml amphotericin B (Fungizone). Dimethyl- 
sulphoxide was also added at 0.5%v/v. Cultures were 
gassed with 5% COja in air to maintain a pH of 7.4 and 
incubated at 30*C for four weeks with a change of medium 
every 3-4 days. Typically, for sufficient numbers of
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cells for assay, twenty culture flasks per week were 
established from three rat tongues.
Before PLK cells were used for an assay, cultures were 
washed with HBSS and then fibroblast cells removed by a 
five minute, 37*0 trypsinization with 1ml of a solution .of 
trypsin <0.05%) containing EDTA <0.0210. This was found 
sufficient to remove virtually all fibroblasts <99%+) from 
the culture surface, leaving just the keratinocytes 
attached. After a second washing with HBSS, a further 
trypsinization of 20-30 minutes was usually sufficient to 
remove most of the keratinocytes for use in assays or for 
culture.
4.2.1.2 KERATINOCYTE CELL LINE <RTE5>
The rat tongue epithelial cell line, RTE5, was established 
from primary cultures by Hopley <1986). It has not been 
fully characterized and has been subcultured up to passage 
11. Passages 7 to 11 were routinely subcultured in 25cnP 
plastic culture flasks <Nunc) using a seeding density of 
2 x 10s to 4 x 10rS cells. The cultures were grown to 
confluence <3-4 weeks) before subculturing, freezing for 
storage or experimental use. Subculturing involved the 
addition of 1ml of a solution of trypsin <0.05%) contain­
ing EDTA <0.021D and incubation at 37°C for 10-15 minutes 
to detach and disperse the cells. The cell suspension was 
added to an equal volume of culture medium <serum inhibits 
further trypsin activity) and centrifuged at 700g for 4
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minutes. The cell pellet was resuspended in fresh medium 
(Eagle's MEM with Earles salts, 20% FBS, 2mM L-glutamine, 
lOOIUml""1 penicillin, lOOpgml”1 streptomycin, 2. 5/igml""1 
amphotericin B and 0.5% DMSO), cells counted using a 
haemocytometer and new 25cnF flasks seeded with 2 x 10f” to 
4 x 10*" cells suspended in 5ml of medium. Flasks were . 
gassed with 5% CO:2 in air and incubated at 30*C. Medium 
was changed every 3-4 days.
4.2.2 ESTABLISHMENT AND MAINTENANCE OF HAIR FOLLICLE 
KERATINOCYTE CELL CULTURES
Primary explant cultures were prepared by a modification 
of the method described by Wells <1982). Primary culture 
involved the explant of human hair follicles into 25cm2- 
'Primaria' flasks using sterile forceps. Hairs were 
plucked from various body areas (scalp, arm, leg) washed 
briefly in 70% ethanol and placed into 25cnF 'Primaria' 
flasks. The follicles were allowed to 'dry-on' for 30 
minutes then 5ml of media was added and the flasks gassed 
in a 5% COs-: incubator at 30°C. Cultures were re-fed after 
7 days in the first instance and thereafter every 3-4 
days. The culture medium consisted of Eagle's MEM with 
Hank's salts supplemented with 5% foetal calf serum, 2% 
Ultroser G (a partial serum substitute), 20mM HEPES 
buffer, 50/igml""1 gentamicin, 2. 5pgml""1 amphotericin B and 
0.5% DMSO.
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The subcultures of primary follicle cells were prepared by 
a modification of the methods described by Weterings et 
al. <1982). The primary cells were subcultured after 3-4
weeks of culture and two methods were employed. The first 
method involved the addition of 1ml of a trypsin <0.25%) 
and EDTA <lmM) solution for 5 minutes at 37°C to disperse 
and detach the cells, centrifugation at 700g for 4 
minutes, resuspension in medium and plating out in 25cm:;2 
flasks <Nunc) at a density of 800 cells/cm35 in 5ml media. 
Flasks were gassed in 5% CO.;: in air and incubated at 30°C. 
Medium was changed every 3-4 days.
The second subculture method involved resuspension of 
primary hair follicle cells in medium to obtain 4000 cells 
ml“"'' . The cell suspension <5ml) was plated along with 
2 x 10^’ Mitomycin C-treated 3T3 cells ml”1 <a 'feeder 
layer' ) in a 25cm';2 flask <KTunc) . Flasks were gassed in 5% 
COss and air and incubated at 30°C. Medium was changed 
every 3-4 days. To obtain the feeder layer cells, flasks 
of 3T3 cells were grown to 50% confluence, the cells 
removed into suspension using a trypsin <0.25%) and EDTA 
<lmM) solution, and 25cm:" flasks seeded with 1 x 10** cells 
in 5ml of media containing 2pg of Mitomycin C. Flasks 
were gassed with 5% C0=i: in air and incubated at 30°C for 
24 hours after which time the medium was changed and the 
cells incubated for a further 24 hours. 3T3 cells 
prepared in this way were removed by trypsinization and 
seeded along with the follicle cells obtained from the 
primary cultures.
4.2.3 MAINTENANCE OF 3T3, V79 AND L5178Y ESTABLISHED
CELL LINES
3T3 cells <a fibroblast line derived from Swiss mouse 
embryos) were grown-up from frozen stocks derived from a 
culture flask (American Type Culture Collection, Lot no. 
4048, pass no. 153) supplied by Flow laboratories.
Primary keratinocyte (PLK) culture medium was used to feed 
them and cells were grown in 25cm:'2 plastic culture flasks 
gassed with 5% C0s> in air at 30°C. Cells were grown to 
confluence before harvesting, freezing for storage or use 
as a ’feeder' layer.
V79 cells <a pseudodiploid, fibroblastic line derived from 
Chinese hamster lung) were grown-up from cloned, frozen 
stocks derived from a culture obtained from the Institute 
of Cancer Research. Cells were maintained in PLK culture 
medium that contained 10% instead of 20% foetal bovine 
serum and grown under the same conditions as 3T3 cells. 
Cells were grown to confluence before use in an 
experiment, subculturing or freezing for storage.
L5178Y (mouse lymphoma cells) were grown-up from frozen 
stocks derived from a culture obtained from the Central 
Toxicology Laboratory, ICI. Eagle's MEM containing 3% 
horse serum, sodium pyruvate (ImM), glutamine (2mM), 
penicillin (lOOIUml "1 ) and streptomycin (lOOugml ■"1 ) was 
used and cells were grown, in suspension, in 30ml plastic 
bottles (Sterilin) at 37°C. Cells were grown to a density
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of 1 x 10's to 5 x 10s cells ml"1 before subculturing, 
freezing for storage or experimental use.
4.2.4 CELL STORAGE
To maintain stocks of RTE5 (passages 7 to 11), 3T3, V79
and L5178Y cells, cells were grown to confluence, 
harvested and stored under liquid nitrogen. A ’freezing' 
solution of 10% DMSO <v/v> in culture medium was prepared 
by slowly adding DMSO to the medium kept on ice. After 
removal of the cells from the culture vessels by the 
methods previously described, and resuspension in fresh 
medium, they were counted, centrifuged at 700g for 10 
minutes and resuspended in the 'freezing' solution, 
usually at a density of 5 x 10s5 to 10 x 10e"a cells ml”1 . 
l-2ml aliquots were added to labelled sterile plastic 
ampoules and these were placed in a refrigerator at 4 4C A
for 30 minutes. Cells were then cooled for a further 70 
minutes by placing the ampoules on a metal stage position­
ed in the neck of the liquid nitrogen refrigerator just 
above the liquid nitrogen. Ampoules were then placed on 
labelled canes and stored in canisters under the liquid 
nitrogen. For subculturing, cells were thawed out rapidly 
in a 37°C water bath and added to sufficient medium to 
seed the flasks at the required density.
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4,2.5 CELL VIABILITY
The viability of cells was measured before subculturing, 
their use in an experiment or freezing for storage. The 
trypan blue dye exclusion test was used to assess 
viability and utilized the ability of the blue dye to 
enter dead cells but be excluded from live cells. 100- 
200/jlI of cell suspension was used, an equal quantity of 
0.05% trypan blue solution added and the solution mixed 
and left to stand for 5 minutes. The percentage of blue 
and unstained cells was determined using a haemocytometer.
Cells in culture were regularly observed for changes in 
growth rate, morphology and for contamination using an 
Olympus Inverted Microscope <400X magnification).
4.2.6 PREPARATION OF RAT TONGUE EPITHELIAL CELL 
SUSPENSIONS <NCK) FOR DIRECT ANALYSES
Rats were killed by cervical dislocation, the tongues 
removed, bisected longitudinally and the ventral section 
retained. The sides and tip were cut away and the 
epithelium separated by the method of Kitano and Okada 
<1983). The tissue was soaked overnight <18-24 hours) in 
a medium containing Eagle's MEM supplemented with 20% 
foetal bovine serum, 2mM L-glutamine and 500 Uml""1 dispase 
at 4°C and then the epithelium was peeled away from the 
remaining tissue by pulling with fine tweezers. The sheet 
was washed with Ca^"1' and Mg^-f ree phosphate-buffered
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saline and incubated in a 0.25% trypsin solution for 15 
minutes at 37 °C. An epithelial cell suspension was 
obtained by shaking, filtering through a 100pm gauze and 
centrifuging at 700g for 5 minutes to remove debris.
Cells were then resuspended in primary keratinocyte 
culture <PLK> medium and viability assessed by trypan blue 
exclusion (usually greater than 90%).
Two other methods for separating the epithelium were 
assessed. In one, the ventral piece of rat tongue was 
prepared as previously detailed and soaked overnight <18- 
24 hours) in a 0.25% trypsin solution at 4°C. The 
epithelial sheet was peeled away from the remaining tissue 
using fine tweezers and the cells dissociated by the same 
method utilized for the dispase-separated sheet. In 
another method, the ventral piece of tongue was soaked for 
2 hours at 37*0 in a phosphate-buffered 0.02M EDTA 
solution (pH 7.2) and the epithelium peeled away and 
treated as before.
4.2.7 TREATMENT OF CELLS WITH TRICHOTHECENE MYCOTOXINS 
4.2. 7.1 MEASUREMENT OF PROTEIN SYNTHESIS
The method for measuring protein synthesis was a modific­
ation of the method described by Thompson and Vannemacher 
(1982). Protein synthesis was measured as the incorp­
oration of C3H3-leucine into the protein of the cells 
which could be precipitated with trichloroacetic acid.
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Inhibition of protein synthesis by a toxin was measured as 
the reduced incorporation of [3H3-leucine. All cells were 
treated in suspension in their appropriate medium but with 
10% foetal bovine serum <3% horse serum in the case of 
L5178Y cells) and without antibiotics. Five cell types 
were examined and prepared as previously described; the 
rat tongue epithelial cells (NCK, PLK and RTE5), Chinese 
hamster lung fibroblasts <V79) and mouse lymphoma cells 
CL5178Y).
Prior to each experiment 2.5 x 10a cells ml-'1 were pre­
pared in their medium, then each 1ml of the suspension was
in lq*l 'DMSO
treated with 1/iCi C 3H3-leucine^ plus lOjil toxin <in DMSO), 
or IOjj.1 DMSO (controls), and incubated at 37*0 on an 
orbital shaker <150rpm, amplitude lOmrn) for the whole of 
the exposure period. Duplicates were run in all experi­
ments. The toxin, T-2, was diluted from a stock solution 
and used at three concentrations in the media <1 x 10”®; 1
x 10“7; 1 x 10“3 gml""1 ) .
In the protein synthesis 'recovery' experiments the cell 
suspensions received T-2 toxin for a 1 hour pre-incubation 
period, the cells were then washed and re-suspended in 
their appropriate medium and lpCiml”1 [3H3-leucine added. 
With both protocols, the experiment was terminated, 
usually at 30, 60, 120 and 240 minutes, by removing the
medium after centrifugation at 2000g for 3 minutes, adding 
lml 5% trichloroacetic acid <TCA) and then resuspending 
the pellet. The precipitate was allowed to form for 45
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minutes at room temperature, then centrifuged a second 
time and finally resuspended in 1ml distilled water. The 
lml suspension was added to 5ml of emulsifier scintillant 
299 (Packard) in polythene scintillation vials, mixed and 
counted on a Packard Tricarb Scintillation Counter, model 
3255 fitted with automatic external standardization.
4. 2. 7. 2 CELL UPTAKE AND LOSS OF [ 3H3 T-2
The uptake into and loss of [ 3H3 T-2 from cells was 
measured by the methods described by Lee and Webber 
<1984). Prior to each experiment, 2.5 x 10a cells ml”1 
were prepared as previously described for the protein 
synthesis experiments and in place of [  3H3-leucine, 1 0 / j l I  
of C3H3T-2 in DMSO was added to each lml of the medium to 
give three different concentrations <1 x 10~®; 1 x lO"-7;
1 x 10“3gml "1). The stock solution of T-2 in DMSO 
contained llmgml " '1 with an activity of 5. 53mCiyWmol"1 .
Cell suspensions were incubated at 37°C on an orbital 
shaker <150rpm, amplitude 10mm) and the exposure was 
terminated at 30, 60, 120 and 240 minutes by centrifuging
the cells at 2000g for 3 minutes and washing in HBSS. The 
washing procedure was repeated and the cells were finally 
resuspended in lml of 1% Triton X-100 in distilled water 
and left to stand for 60 minutes at room temperature.
Each lml lysed cell preparation was added to 15ml of 
emulsifier scintillant 299 in polythene vials, mixed and 
counted as previously described.
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In experiments to determine the loss as opposed to uptake 
of C3H3T-2, the cells were exposed for 1 hour to the 
[ 3H3 T-2 followed by its removal by centrifugation at 700g 
for 4 minutes and two washes in HBSS. Cells were re­
suspended in their appropriate fresh 'labelling* media 
without C3H]T-2 and incubated at 37°C on the orbital 
shaker; subsequent steps were performed as described for 
the T-2 uptake experiments.
4.2.7.3 USE OF ROTENONE
To determine whether uptake into and loss of T-2 from 
cells was due to an energy-dependent active transport 
system, rotenone, an inhibitor of the mitochondrial 
electron transport system, was used at a concentration of 
5 x 10”sgml"“1 in the medium. This concentration of 
rotenone was earlier demonstrated to cause a 76% reduction 
in the incorporation of C3H]-leucine over a 4 hour period 
in RTE5 cells. The uptake and loss of C3H3T-2 was 
determined in PLK and RTE5 cells as previously described, 
but in addition 5 x 10-5gml~"1 rotenone was added in DMSO
i
(lOpl/lml cell suspension). In the uptake experiments, 
rotenone was added to the media at the same time as the 
C 3H3 T-2 but in loss experiments it was added when fresh 
medium containing no C3H3T-2 was added after the removal 
of the * labelling' medium.
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4. 2. 7. 4 VIABILITY OF CELLS TREATED WITH T-2 TOXIN
The viability of untreated and T-2 treated PLK and RTE5 
cells was measured over a 4 hour incubation period. lml 
suspensions of PLK and RTE5 cells were prepared as pre­
viously described for protein synthesis experiments, but 
without the addition of [3H]-leucine and treated with 
either a lOpl solution of T-2 (to give final concentra­
tions of 1 x 10-*=% 1 x 10“y or 1 x 10“3 gml"1 > or solvent
only <DMSQ> . At 30, 150, 185 and 240 minutes, I O O j j . 1
quantities of cell suspensions were removed from the 
incubates, equal volumes of trypan blue solution added and 
viability measured as previously described.
4.2.8 DETERMINATION OF ESTERASE ACTIVITY IN RAT TONGUE 
EPITHELIAL CELLS
4.2.8.1 CELL PREPARATION
3-4 week old PLK and RTE5 cultures were used. PLK cells 
were washed twice with 5-10ml of HBSS. A solution of 1 ml 
trypsin <0.05%> containing EDTA (0.02M) was added to the 
PLK flasks and as outlined previously, a 5 minute trypsin- 
ization at 37CC was sufficient to remove virtually all 
adherent fibroblasts. After washing with HBSS, the 
majority of PLK keratinocytes were removed by a further 
trypsinization, usually for 20-30 minutes. The RTE5 cells 
were washed twice with HBSS and trypsinized for 10-15 
minutes to remove the keratinocytes. The NCK cells were
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prepared by a 10-15 minute trypsinization of dispase- 
separated skin epithelium. Equal volumes of Eagle's MEM 
containing 10% foetal bovine serum were added to the 
suspensions of PLK, RTE5 and NCK cells to inactivate the 
trypsin and these solutions centrifuged at 700g for 10 
minutes; cells were re-suspended in HBSS, counted and 
viability measured. Cells were centrifuged again at 700g 
for 10 minutes and re-suspended in 3. 0ml 0. 1M phosphate 
buffer <pH 8.0). Cell solutions were cooled on ice, 
sonicated at 16mA for 2 pulses of 15 seconds using a 3mm 
probe and filtered through a 100pm nylon gauze. The 
solution was then made up to the required volume for the 
assay using the pH 8.0 phosphate buffer.
4.2.8.2 ACETYLCHOLINESTERASE AND BUTYRYLCHOLINESTERASE 
ASSAY
The hydrolysis of acetylthiocholine and butyrylthiocholine 
was assayed by the method of Ellman et al. <1961). The 
final incubate volume of 1.5ml in a microcuvette (path 
length 1cm) contained 0.5ml aliquots of 0. 01M DTNB, cell 
solution (prepared as described in section 4.2.8.1) and 
substrate solution (either acetylthiocholine or butyryl­
thiocholine iodide in double distilled water at final 
concentrations in the incubates of 2mM or lOraM respect­
ively). After addition of substrate the reaction, at 
37°C, was monitored for up to 30 minutes at 412nm in a 
Pye-Unicam SP1800 Spectrophotometer. An extinction 
coefficient of 13600M""1 cm~1 was used in calculations. The
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blank contained 0.5ml aliquots of 0. 01M DTNB, 0. 1M phos­
phate buffer <pH 8.0) and double distilled water. All 
assays were carried out in duplicate. The average change 
of absorbance with time was determined during the linear 
phase of the change, usually during the first 10 minutes. 
To establish the optimum substrate concentrations <2mMLand 
lOmM), a number of preliminary assays had been performed 
with varying concentrations of acetylthiocholine and 
butyrylthiocholine iodide.
4.2.8.3 NON-SPECIFIC ESTERASE ASSAY
p-Nitrophenylacetate esterase was assayed using a modif­
ication of the method of Huggins and Lapides <1947). The 
final incubate volume of 1.5ml in a microcuvette (path 
length 1cm) contained 0.5ml of cell solution (prepared as 
described in section 4.2.8.1 except that it was prepared 
using pH7.0 buffer) and 1.0ml 0.lM phosphate buffer (pH 
7.0) containing p-nitrophenyl acetate in 150pl ethanol and 
giving a final concentration of 8mM. After addition of 
the substrate, the production of p-nitrophenol at 25°C was 
monitored at 400nm for up to 10 minutes in a Pye-Unicam 
SP1800 Spectrophotometer. All assays were carried out in 
duplicate. The reaction was highly pH sensitive and so it 
was necessary to correct for minor differences in buffer 
pH by calculating the molar extinction coefficients for 
each experiment. A molar extinction coefficient of 
between 6000 and 11000 M"1 cm”1 was determined for each 
assay using standard solutions of p-nitrophenol prepared
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in the stock phosphate buffer solution used for each
assay.
4.2.8.4 PROTEIN ASSAY
Protein present in the cell solutions was assayed by the 
method of Lowry et al. (1951). lml of the cell solution 
was mixed with 5ml of Reagent C which contained 1 part of 
solution A <2% sodium carbonate in 0. 1M sodium hydroxide) 
in 50 parts of solution B <0.5% copper sulphate penta- 
hydrate and 1% sodium/potassium tartrate in double 
distilled water) and incubated at room temperature for 10 
minutes. To this solution 0.5ml of Reagent D <1:3 
dilution of Folin Ciocalteau's Reagent in double distilled 
water) was added, mixed and left to stand at room tempera­
ture for 30 minutes. The resulting blue colour was read 
at 750nm on a spectrophotometer. Blanks contained lml of
0.1M phosphate buffer instead of the cell solution. All 
samples were run in duplicate. Bovine serum albumin 
solutions of known protein concentrations were run con­
currently with each set of test solutions to obtain a 
calibration curve on which to interpolate the unknowns.
4.2.8.5 INHIBITORS
Inhibitors were added to the incubation mixtures in the 
cuvettes <50jjl1 in each 1.5ml incubate) to give the desired 
concentration in the incubate. Ethopropazine, BW284C51,
4-hydroxymercurybenzoate, BPNP and paraoxon were all
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prepared in ethanol, EDTA was prepared in double distilled 
water. Control incubations contained 50pl of the appro­
priate solvent in each 1.5ml of incubate. Inhibitor was 
added immediately after the addition of the relevant 
substrate and the reaction was monitored for each assay as 
previously described in section 4.2.8.2 and 4.2.8.3. 
Duplicate samples were prepared for all assays.
4.2.9 INVESTIGATION OF METABOLISM OF T-2 TOXIN 
IN RAT TONGUE EPITHELIAL CELLS
4. 2. 9.1 THIN LAYER CHROMATOGRAPHY
Thin layer chromatography <TLC> was used to separate 
mixtures of trichothecenes, namely T-2, HT-2, T-2 triol
(15-deacetyl HT-2 toxin. > and T-2 tetraol produced in 
solutions derived from epithelial cell incubates. Methods 
were a modification of the methods of Yoshizawa et al. 
(1980) and Schock et al. (1986).
TLC was carried out on pre-coated silica gel 60 plates 
(150pm gel thickness, 20 x 20cm). C3H3T-2, [3H3HT-2,
[3H3T-2 Triol and C3H3T-2 Tetraol labelled at carbon 3, 
were prepared by the Chemistry Department, CDE, Porton 
Down as concentrated stock solutions in ethanol. Using 
TLC, the purity of T-2 was found to be greater than 98% 
while HT-2, T-2 Triol and T-2 tetraol showed no detectable 
radiolabelled impurity. The stock solution of [3H3T-2 was 
used throughout the experiments, dilutions being prepared
- 103 -
as required. All trichothecene solutions were stored at 
-18 'C,
The three rat tongue epithelial cell types were prepared 
by the same methods employed for the esterase assay cell 
preparation except that cells were resuspended in 3ml 50m2t 
Tris buffer <pH 7.5) before sonication. Additional Tris 
buffer was added to give the required cell densities and 
50pl C 3H] T-2ml'"1 added to give a final T-2 concentration 
of 1.1 x 10'^gml”1 . In studies to ascertain the maximum 
concentrations of metabolites produced, [3H3T-2 concen­
trations of 8.9 x lO-"4, 9 x 10“*’, and 1 x 10“"3 gml"1 were 
also used. 'Dead cell' controls were prepared in the same 
way, except that before treatment cells were re-suspended 
in lml 5% TCA instead of Tris buffer and shaken and left 
for 45 minutes before sonication. All solutions were 
incubated for 3 hours at 37°C, after which time the cell 
debris was removed by centrifugation in an Ependorf micro­
centrifuge at high speed for 5 minutes and 50pl of the 
supernatants spotted onto the base line of a TLC plate. 
Spots of a mixture of the C3H]T-2, HT-2, T2-Triol and 
T2-Tetraol standards giving approximately 10, OOOdpm each, 
were also spotted onto the plate. A chloroform: acetone 
solution <3:2) was used to develop the plate for 45 
minutes. The solvent front was marked after development, 
the plate allowed to dry, then the area between the base 
line and solvent front divided up into 5mm divisions 2cm 
wide (lcm either side of the spot). Each division was cut 
and placed in a labelled polythene scintillation mini-vial
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and 5ml of emulsifier 299 scintillant added. The vials 
were then counted in a Packard Tricarb Scintillation 
Counter, model 3255 fitted with automatic external stan­
dardization. Plotting of the dpm/zone enabled ident­
ification of the peaks.
A second TLC method was examined utilizing two solvent 
systems - a chloroform:ethyl acetate:ethanol <2:1:1) 
system followed by a chloroform: ethyl acetate:ethanol 
<8:1:1) system. Treated cell solutions were spotted and 
developed on pre-coated glass TLC plates <Whatman LHP-KF, 
200/m thick, 10 x 10cm) then divided, after development, 
into strips. These strips were scraped into mini-vials 
and counted as before.
A brief study to assess the metabolism of T-2 in intact 
NCK, PLK and RTE5 was carried out using the same method 
employed for homogenates, except that intact cells instead 
of homogenates were incubated for 3 hours with T-2. After 
incubation the cells were homogenized and prepared for TLC 
as before.
4.2.9.2 INHIBITORS AND CELL DENSITIES
In separate assays, BPNP, BW284C51, 4-hydroxymercury- 
benzoate and paraoxon all in ethanol <40pl) and EDTA in 
double distilled water <40pl) were added to incubates of 
rat epithelial cells <1.0ml) at the same time as C3H]T-2
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to give final concentrations of 1 x 10"3 gml'"1 <1 x 10 M
gml 1 in the case of paraoxon).
To enable direct comparisons between cell types, cell 
solutions were prepared to give concentrations of 3 x 103 
cells ml’"1 in Tris buffer. In further studies, to in­
crease the quantities of metabolites produced and obtain 
better metabolite profiles, a variety of greater cell 
concentrations were used ranging from 3 x 103 to 1.2 x 103 
cells, depending on availability.
4.2.9.3 PURE ESTERASES
Solutions of pure carboxylesterase, acetylcholinesterase 
and butyrylcholinesterase in 50mM Tris buffer <pH 7.5), 
were prepared at different concentrations and treated in 
the same way as the cell solutions but without sonication. 
Blanks contained just Tris buffer in place of the enzyme 
solutions. The inhibitors, BPNP, EDTA, BV284C51, 
4-hydroxymercurybenzoate and paraoxon were used at the 
same concentrations used in the incubates prepared from 
epithelial cells.
4.2.9.4 LOSS OF C3H]T-2 FROM TREATED RAT EPITHELIAL 
CELL HOMOGENATES
To complement the earlier uptake and loss experiments, 
homogenates of NCK, PLK and RTE5 cells were each incubated 
with 1.1 x 10~3g ml"-1 C :3H] T-2 in Tris buffer <1.5ml) as
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previously described. At 0 minutes a 333fil aliquot was 
removed and prepared for TLC as previously described. The 
cell material remaining was centrifuged at 2000g for 3 
minutes, resuspended in 1167pl HBSS and at 15 minutes, 
333pl removed and prepared for TLC. This procedure was 
repeated at 30 and 60 minutes, the quantity of HBSS in 
which the cells were suspended being reduced by 333/il each 
time. Percentages of T-2 and HT-2 lost with time were 
determined from the resulting scintillation counts.
4.2.10 HISTOLOGY
4.2.10.1 PREPARATION OF TISSUE AND CELLS FOR STAINING 
PLK AND RTE5 CELLS
When a number of primary cultures of PLK cells were 
initiated and RTE5 cells subcultured, circular plastic 
(Thermanox) coverslips were also placed into the flasks. 
3-4 weeks later the media was removed and cell cultures 
washed in isotonic saline solution. The coverslips were 
removed and the cells fixed in formbl calcium <4% form­
aldehyde, 1% calcium chloride and 0.7% cadmium chloride in 
distilled water) for 10 minutes at room temperature. The 
slides were then ready for staining.
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RAT TONGUE TISSUE
A rat tongue was removed and the dorsal surface, tip and 
sides cut away. The ventral surface was left to soak 
overnight in a dispase/media solution as previously 
described. After treatment with dispase the epithelium 
was removed. This and an untreated rat tongue without its 
epithelium removed were fixed in Bouin's fixative for 48 
hours and then stored in 70% ethanol until processed. 
Samples were embedded in wax after treatment in a 'Tissue- 
Tek' Vacuum Infiltration Processor. The solutions used 
and timings were as follows:-
80% ethanol 3 hours
90% ethanol 1 hour
90% ethanol 3 hours
Absolute ethanol 2 hours
Absolute ethanol 2 hours
Absolute ethanol 2 hours
Xylene/ethanol 2 hours
Toluene 2 hours
Toluene 2 hours
Xylene 1 hour
Wax 2 hours
Wax 2 hours
Sections were cut on a sledge microtome set at 3pm, 
floated on water <60°C> and transferred to microscope 
slides and dried.
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4.2.10.2 MASSON'S TRICHROME STAIN
Tissue sections were stained as follows:-
1. Sections to water
2. Stained in Weigart's Haematoxylin <25 minutes)
3. Rinsed in tap water and differentiated in acid 
alcohol for 10 seconds
4. Stained in red solution containing 1% Biebrich
Scarlet and 1% acid fuchsin in glacial acetic acid.
5. 5% phosphotungstic acid for 15 minutes
6. Rinsed briefly in distilled water
7. Stained in 2% light green in 0.8% acetic acid
<2 minutes)
8. Rinsed in distilled water
9. 1% acetic acid for 3-5 minutes
10. Dehydrated, cleared and mounted in dibutyl phthalate 
in xylene <DPX)
The fixed cells, grown on Thermanox coverslips, were 
treated by the same scheme detailed above but without the 
Xylene/alcohol stages <1 and 10) . Coverslips were mounted 
on glass slides face down in polyvinyl pyrralidone <PVP) .
With this stain, keratinized cells, cytoplasm and muscle 
appeared red, collagen appeared blue and nuclei dark red 
to black.
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4.2.10.3 ADENOSINE TRIPHOSPHATASE STAIN
Adenosine triphosphatase <ATPase) activity was assessed 
in fresh rat tongue epithelium and cell cultures using the 
method of Mackenzie and Squier <1975). Langerhan1s cells 
possess high ATPase activity and are dark staining using 
this method.
A tongue was removed, bisected longitudinally and the tip 
and sides cut away. The ventral surface was left to soak 
for 2 hours at 37°C in a phosphate-buffered 0. 02M EDTA 
solution <pH7.2). Fine tweezers were used to separate the 
epithelium from the remaining tissue. The sheet of 
epithelium was placed immediately in saline solution for 
30 minutes at room temperature. It was then immersed in 
cacodylate-formaldehyde solution <containing 4% form­
aldehyde in a 0.2M cacodylic acid solution at pH4) for 20 
minutes at 4°C. The tissue was rinsed in distilled water 
and next immersed in 3ml ATP-lead staining solution (see 
below) for 20 minutes at 37‘C. It was rinsed again and 
immersed in a 22.3% ammonium sulphide solution for 20 
minutes at room temperature. After a final rinsing, the 
tissue was mounted dermal side up <dark side) in PVP on a 
glass slide.
Cells cultured on thermanox coverslips were fixed in 
formal calcium, as previously described, and then stained 
for ATPase in the same way as the epithelium sheet.
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ATP-Lead Staining Solution contained :-
1. 9 parts ATP solution from a stock solution containing:-
50 mg ATP disodium Salt 
5g glucose
50ml distilled water 
40ml 'Tris' buffer 
10ml 0.1M MgSCU 7H:;20
2. 1 part 2% lead nitrate in distilled water
With this stain, under a magnification of x400,
Langerhan's cells appeared as distinct irregular-shaped 
black areas against a light-coloured background.
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ESTABLISHMENT AND MAINTENANCE OF 
SUBLINGUAL EPITHELIUM CULTURES
5 ESTABLISHMENT AND MAINTENANCE OF SUBLINGUAL 
EPITHELIUM CULTURES
5.1 INTRODUCTION
Cultures of skin epithelial cells can be established from 
disaggregated epidermal cells, sheets of epidermis and 
explants of partial and fu11-thickness skin (Breitkreutz 
et al., 1981). The main use of these cultures has been in 
the study of proliferation and differentiation (Cruick- 
shank et al., 1960; Fusenig et al., 1973; Fusenig and 
Worst, 1975; Karasek, 1966; Marcelo et al., 1978; Liu and 
Karasek, 1978; Prunieras et al., 1976, Rheinwald and
Green, 1975) and also for examination of the mechanisms 
involved in carcinogenesis (Elias et al., 1974; Fusenig et
al. , 1978; Slaga et al. , 1978). Cultured keratinocytes
usually possess many of the characteristics of different­
iated cells in vivo, such as desmosomes, tonafilaments and 
keratohyalin granules (Green, 1977; Prunieras et al.,
1976, Yuspa et al., 1970), which allow the assessment of
morphological changes caused by toxins.
The in vitro cultivation of cells derived from stratified 
squamous epithelia has been carried out by many invest­
igators (Jepsen et al., 1980; Buckley, 1981;- Hopley, 1986; 
Flaxman, 1974; Prunieras et al. , 1976; Sun and Green,
1977; Liu and Karasek, 1978). Oral, oesophageal and 
vaginal mucosae have been used to establish cultures 
either from epithelial cells that have migrated onto a
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culture substratum from an explant, or that have been 
introduced into cultures as dissociated single cells.
Many cultures require extra growth factors and feeder 
layers which can complicate the interpretation of toxic 
effects. An ideal culture system for toxicity studies is 
one in which the culture conditions are relatively 
uncomplicated and hence more reproducible.
A continuously proliferating and differentiating keratin- 
ocyte culture of rat sublingual epithelium was initially 
developed by Jepsen <1974) and improved and modified by 
Buckley <1981) and Hopley <1986). These cultures <RTE> 
were capable of growth in Eagle's MEM with Earle's salts 
and 10% FCS with no necessity for added growth factors or 
feeder layers. Hopley <1986) demonstrated that the 
keratinocyte line RTE4, retained a stable morphological 
phenotype after over 20 passages; the keratinocyte culture 
RTE5, was used throughout the studies detailed in this 
thesis.
Despite the generally satisfactory growth of short-term 
primary cultures, the subculture of stratified squamous 
epithelium, without a feeder layer, has until fairly 
recently proved exceptionally difficult. Hopley <1986) 
successfully established the cell line RTE5 by pooling an 
excess of cultured primary cells and using 'conditioned 
media' (media that had previously been in contact with an 
RTE culture). Preserving the epithelial component during 
the early subcultures of stratified squamous epithelium is
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a major problem and various selective culture and sepai—  
ation techniques have been used to produce pure epithelial 
cell lines. The less traumatic that these selection 
procedures are (as with RTE5 cells) the less likely it is 
that the cells will differ from the in viva state.
The various cell types involved in the production of a 
keratinocyte cell line from rat sublingual epithelium 
(freshly isolated cell primary culture cell line), 
will be examined in the following chapters. Cells derived 
directly from sublingual epithelium (NCK), primary 
cultures derived from sublingual epithelium explants (PLK) 
and the RTE5 'finite life' cell line will be studied.
This first chapter will begin the investigation by dealing 
with the morphology and growth characteristics of PLK and 
RTE5 cells, and these in turn will be compared with the 
freshly isolated keratinocytes (RCK). In addition, the 
methods by which the NCK cells were obtained from rat 
sublingual epithelium will be compared and a method of 
establishing cultures of keratinocytes from the epithelium 
associated with hair follicles will be assessed.
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5.2 RESULTS
5.2.1 ESTABLISHMENT AND MAINTENANCE OF PLK CELL CULTURES
Primary cultures of rat sublingual epithelium, prepared 
from pieces of explanted tongue (ventral surface), con­
tained both epithelial and fibroblastic cells. Several 
techniques were used to encourage the growth of epithelial 
cells and discourage that of fibroblasts, including the 
use of specialized flasks (Primaria flasks) that possess a 
surface chemistry that closely resembles coatings such as 
polylysine and collagen I and IV, incubation at 30°C 
(Jepsen, 1974) and also a short trypsinizatioh prior to 
harvesting to remove the less adherent fibroblasts as 
described in section 4.2.1.1.
During the culture period little growth of cells occurred 
in the first week, then in the second and third week the 
growth rate accelerated before slowing slightly in the 
fourth week as can be seen from figures 5.1 and 5.2.
After four weeks, 50 - 100% of the bottom of each culture 
flask was covered by epithelium containing approximately 
0.5 - 2 x 10fc~s cells. Observation of the cultures showed 
that initially, epithelial cells migrated out from the 
explants to form monolayers, then in the third and fourth 
week in some areas, usually those closest to the explant, 
the cells became layered (stratification). This appeal—  
ance of layers was accompanied by an increase in the 
numbers of cells shed at each media change. Observation
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of the media revealed that most cells shed were anucleate 
flattened squames.
In the earliest stages of culture, only a small number of 
cells migrated out from the explants and each of these 
acted as focal points for spreading. New cells emerging 
from these cells could be distinguished by their more 
refractile nature. On stratification it became more 
difficult to distinguish the lower layers of cells in 
these areas. Cells on the edge of the colonies were of 
variable shape and size and usually larger than the 
tightly packed inner cells which were of a more regular 
polygonal shape. Cellular projections and connections 
between cells could occasionally be recognised under high 
magnification <x400>.
The proportion of fibroblasts varied between flasks and 
ranged between 0 - 30% of the total cells. Most colonies 
of fibroblasts grew on the periphery of the epithelial 
colonies in small numbers in the first weeks of the 
culture period with the greatest increase of growth 
usually occurring in the final week. When cultures 
contained only one or two small colonies of fibroblasts 
after two weeks they often lost all trace of them by the 
final week.
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5.2.2 MAINTENANCE OF RTE5 CELL CULTURES
Prior to innoculation into a flask, the viability of the 
RTE5 cells was determined using the trypan blue dye 
exclusion test. 2 x 10*“’ viable cells were innoculated 
into each flask and most attached to the culture surface 
within three hours. Within 24 hours some of the attached 
cells had divided and within 5 - 7  days the total number 
of cells had doubled. By the second to third week con- 
fluency of the cultures was attained (figures 5.1 and 
5.2). In confluent cultures the cells were tightly 
packed, polygonal in shape and of relatively uniform size. 
In the first few weeks the cells existed as a monolayer 
but once confluency had been attained, some areas of 
stratification containing a number of overlapping ' layers' 
of cells were observed by phase contrast microscopy and 
also by light microscopy using the Masson's trichrome 
stain. Increasing numbers of dead squames were shed into 
the media in the third and fourth week as the degree of 
stratification increased.
Cells showed typical epithelioid shape once colonies were 
established and only very occasionally were cells possess­
ing a fibroblastic morphology located using phase contrast 
microscopy or stained samples, and the number of these 
rapidly decreased with time in culture. After four weeks 
individual flasks contained between 8 - 16 x 10*’ cells.
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C U L T U R E S  D U R I N G  A  4 V E E K  C U L T U R E  P E R I O D .
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2821140 7
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DAY OF CULTURE DAY OF CULTURE
F I G U R E  5 . 2 ( a )  &  (b)
T H E  C O N C E N T R A T I O N  O F  P R O T E I N  P R E S E N T  I N  P L K  A N D  R T E 5  C U L T U R E S  
D U R I N G  A 4 V E E K  C U L T U R E  P E RIOD.
F O R  T H E  D A T A  D I S P L A Y E D  IN F I G U R E S  1 A N D  2, F L A S K S  O F  P L K  
C U L T U R E S  W E R E  I N I T I A T E D  W I T H  5  E X P L A N T E D  P I E C E S  O F  V E N T R A L  
R A T  T O N G U E  ( E A C H  2 m m 2 A P P R O X I M A T E L Y )  W H I L E  R T E 5  C U L T U R E S  
V E R E  I N I T I A T E D  W I T H  S U S P E N S I O N S  O F  2 x  1 0 s  C E L L S .  C U L T U R E S  
V E R E  I N C U B A T E D  A T  30*C, G A S S E D  W I T H  5 %  C O 2  A N D  M E D I U M  
C H A N G E D  E V E R Y  3 T O  4 DAYS. P R O T E I N  C O N T E N T  W A S  D E T E R M I N E D  
B Y  T H E  M E T H O D  O F  L O V R Y  E T  AL. (1951). F I B R O B L A S T S  A N D  
E X P L A N T S  P R E S E N T  I N  P L K  C U L T U R E S  W E R E  R E M O V E D  P R I O R  T O  
T H E  A S S A Y S .  R E S U L T S  A R E  T H E  M E A N S  O F  T W O  D E T E R M I N A T I O N S  
( E A C H  D E T E R M I N A T I O N  V A S  T H E  M E A N  O F  D U P L I C A T E  S A M P L E S ) .  
E R R O R  B A R S  A R E  R A N G E S
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5.2.3 GROWTH OF PLK AND RTE5 CELLS
To compare the rates of growth, the protein content of 
each flask was assayed using the Lowry et al. <1951) method 
after 7, 14, 21 and 28 days of culture. The fibroblasts
present in PLK cultures were removed by a short trypsin- 
ization prior to the remaining cells (minus the pieces of 
explant tissue) being removed for protein determination.
The graphs shown in figures 5.2(a) and (b) show the 
protein content changes over the four week culture period 
for PLK and RTE5 cells. The total adhered protein per 
flask due to epithelial cells reached, on average, a 
maximum of about 3mg for RTE5 cultures and just over 0.5mg 
for PLK cells after four weeks in culture. For PLK cells 
there was an apparent 'lag' phase during the first two 
weeks followed by a high rate of growth in the third week 
then a slightly slower rate in the fourth week. RTE5 
cells showed a greater rate of growth in terms of cells 
and protein concentration than PLK cells and the fastest 
rate of this growth occurred in the second and third week.
To establish the rates of protein synthesis occurring 
during the culture of the PLK and RTE5 cells, the rate of 
incorporation of C3H3-leucine into the TCA-precipitable 
fraction of cells, over a period of 60 minutes, was 
measured after 7, 14, 21 and 28 days of culture. The
fibroblasts present in PLK cultures were removed by a 
short trypsinization prior to the remaining cells (minus
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FIGURE 5.3
[^H] LEUCINE INCORPORAT 101 INTO THE TCA-PRECIPI TABLE FRACTION 
OF EPITHELIAL CELLS OBTAINED FROM INDIVIDUAL FLASKS CONTAINING 
PLK AND RTE5 CULTURES DURING A 4 WEEK CULTURE PERIOD.
FLASKS OF PLK CULTURES VERE INITIATED WITH 5 EXPLANTED 
PIECES OF VENTRAL RAT TONGUE (EACH 2mnr’ APPRQXIKATELY) 
WHILE RTE5 CULTURES VERE INITIATED WITH SUSPENSIONS OF 
2 x 10* CELLS. CULTURES VERE INCUBATED AT 30*C, GASSED 
WITH 5% C02 AND NED I UK CHANGED EVERY 3 TO 4 DAYS. 
FIBROBLASTS AND EXPLANTS PRESENT WERE REXOVED PRIOR TO 
THE ASSAYS. RESULTS ARE THE MEANS OF TWO DETERMINATIONS 
(EACH WAS THE MEAN OF DUPLICATE SAMPLES). ERROR BARS 
ARE RANGES
the pieces of explant tissue) being removed for the 
protein synthesis determination.
The graph displayed in figures 5.3 show the
changes in C3H3-leucine incorporation over the four week 
culture period. The C3H]-leucine incorporation was 
greater in the RTE5 than the PLK cultures and remained 
relatively constant at these levels throughout the four 
weeks for both cell cultures. There was a marginal drop 
after two weeks in the PLK culture followed by an increase 
in the third and fourth weeks. In RTE5 cultures there was 
a gradual increase during the first three weeks and a 
reduction in the fourth week.
5.2.4 ESTABLISHMENT ART) MAINTENANCE OF HAIR FOLLICLE 
CELL CULTURES
The methods by which the epithelium associated with 
plucked hairs is used to produce cultures of epithelial 
cells were pioneered by Weterings et al. <1981).' A 
modification of the method of Wells <1982) was used to 
establish primary cultures of epithelial cells for this 
study; modifications of the methods of Weterings et al. 
<1982, 1983) were used to subculture the cells.
5.2.4.1 PRIMARY CULTURE OF HAIR FOLLICLE CELLS
Successful attachment of the hair follicle explants to the 
plastic culture flasks and the subsequent initiation of
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primary cultures was dependent on allowing the hair 
follicles to 1 dry-on* for 30 minutes prior to addition of 
media. 30 - 50% of hair follicles successfully attached 
using this modification to Wells <1982) method; with no 
'drying-on* period, attachment was reduced to 5 - 20%. 
Hairs from different body regions were examined but scalp 
hairs with an intact bulb and sheath proved to be the most 
efficient at attaching to the plastic substrate.
Of the follicles which attached, the majority produced an 
outgrowth of epithelial cells from the root sheath within 
the first week. These cells were typically polygonal in 
shape and of similar size in most areas of the colonies, 
except the periphery where they were larger but still 
distinguishable as the same cell type. In the third and 
fourth week, in some colonies, a few fibroblasts were 
observable but these were often encircled by the epi­
thelial cells and prevented from migrating further. 
Occasionally there were giant cells present, 5 - 1 0  times 
the size of the epithelial cells. On average, the 
colonies of cells emanating from the hair follicle
explants were 10mm in diameter after four weeks with some
(
colonies up to twice that size. Some localized strat­
ification of cells occurred if the cells remained in 
culture up to six weeks.
For a typical set of 20 culture flasks, each flask 
containing 10 hair follicles, an average of only four 
follicles in each flask gave rise to colonies of cells.
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The total yield of epithelial cells from 20 flasks after 
four weeks, amounted to an average of less than 1 x 10**.
To obtain a complete monolayer of cells after four weeks, 
all 10 hair follicles had to attach and grow well and this 
was rare.
5.2.4.2 SERIAL CULTIVATION OF HAIR FOLLICLE CELLS
Two methods for subculturing the hair follicle cells 
derived from primary cultures, were examined. The first 
method involved 'seeding' 25cup culture flasks with 
between 2 x 104* and 1 x 10fi“ cells. Very few cells 
attached and usually only one or two colonies were formed 
and these often ceased to grow any further after the first 
week. The few cells that grew often became vacuolated and 
enlarged.
The second method examined, utilized the Rheinwald and 
Green <1975) technique in which 2 x 10^ cells were plated 
with 2 x 103 Mitomycin C-treated 3T3 cells <a 'feeder 
layer'). A slightly larger percentage of the epithelial 
cells attached than with method one and these then 
proceeded to divide. In the second week small numbers of 
distinct colonies of epithelial cells had formed which 
forced away the surrounding 3T3 cells as they grew. By 
the third week, growth ceased leaving colonies with an 
average diameter of less than 10mm. Cells within each 
colony were typically polygonal in shape and tightly 
packed; there were no other cell types visible. Very low
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yields of less than 2 x 10*' cells were obtained from each 
flask and these would not subculture very well with or 
without a feeder layer.
5.2.5 PREPARATION OF NCK CELLS - A COMPARISON OF METHODS 
USED TO SEPARATE EPITHELIUM FROM DERMIS IN RAT 
TONGUE SAMPLES
To prepare suspensions of pure epithelial cells from rat 
tongue, three methods of separating the epithelium from 
the dermis were examined. Method one involved soaking 
tongue tissue (ventral side) overnight at 4*C in a medium 
containing dispase, method two involved soaking it ovei—  
night at 4°C in a trypsin solution and method three 
involved soaking it for two hours at 37°C in an EDTA 
solution. The epithelium peeled away from the dermis most 
easily and completely after an overnight soak in dispase. 
Trypsin and EDTA proved far less effective at loosening 
the epithelium and some degree of scraping was required to 
help its removal.
After the epithelium had been separated by the various 
methods, it was minced and incubated in a trypsin 
solution to produce a suspension of whole cells (viability 
with all three methods was >80%). The viable epithelial 
cells were then assayed for their levels of [ 3H]-leucine 
incorporation over a period of four hours for an indica­
tion of the protein synthesis occurring therein, and these 
results are displayed in figure 5.4.
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FIGURE 5.5
ACTIVITY OF A P-FITROPHEFYL ACETATE HYDROLASE PRBSEIT II CELLS 
FROM RAT SUBLIHGUAL EPITHELIUM SEPARATED FROM DERMIS USIIG 
SOLUTIOIS COITAIIIMG DISPASE, TRYPSIF OR EDTA.
RAT TOHGUE VAS SOAKED EITHER OVERFIGHT AT 4*C IF DISPASE 
(500IU ml"') IFCUBATED OVERIIGHT AT 4*C II TRYPSIF <0.25%) 
OR IFCUBATED AT 37*C FOR 2 HOURS IF EDTA (0.02M, pH7.2>. 
SUSPEFSIOFS COFTAIFIFG 2.5 z 10s CELLS ml-’ VERE PREPARED 
FROM THESE SEPARATED EPITHELIAL SHEETS. RESULTS ARB MEAFS 
OF 2 DETERM I FAT IOFS (EACH DETERMINATION VAS THE MEAF OF 
DUPLICATE SAMPLES). ERROR BARS ARE RANGES
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The activity of an enzyme (or enzymes) hydrolysing p- 
nitrophenylacetate was also assessed in homogenates of the 
cell preparations as an indicator of their homogeneity and 
these results are displayed in the histograms shown in 
figure 5.5. A number of enzymes will hydrolyse p-nitro- 
phenyl acetate including the non-specific esterases which 
are found in skin in different quantities in different 
layers (Martin et al., 1987). Assuming that the method of
preparation of the homogenates had not affected the 
esterase activity, similar activity should imply that the 
cells were derived from a similar layer.
The protein concentrations present in the cells obtained 
by each of the three methods, differed by no more than +/- 
8% yet different rates of incorporation of [ 3H]-leucine 
into the cells were found for each separation method used
Though not proven statistically, dispase-treated cells had 
the lowest levels of incorporation, followed by trypsin 
then EDTA-treated cells.
Comparison of the ability of the epithelial cell homogen­
ates to hydrolyse the p-nitrophenyl acetate revealed 
little difference in the activity in the cells derived by 
each of the three methods.
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5.2.6 HISTOLOGICAL EXAMINATION OF PLK, RTE5 AND NCK
CELLS.
Rat tongue sections taken before and after incubation with 
dispase and cultures of PLK and RTE5 cells grown on 
plastic coverslips (Thermanox) were fixed as described in 
the methods (section 4.2.10.1), then stained with Masson's 
trichrome stain. With the trichrome stain, keratinized 
cells, cytoplasm and muscle appeared pink/red, collagen 
appeared blue/green and nuclei dark red to black.
Photographs of the stained culture preparations are 
displayed in plates 1 to 3 and show that PLK and RTE5 
cultures were very similar with numerous nuclei and 
closely packed sheets of cells. PLK cells had a greater 
tendency to 'pile-up' and form more irregulai— shaped cells 
than RTE5 cells and this is evident in plate 1. In 
addition, PLK cultures tended to contain a larger number 
of darker staining keratinized cells (plate 1) than RTE5 
cultures (plate 2), but it is important to note that there 
was some variability in the staining and the red stain was 
not as evident in the PLK cells shown in plate 3.
Plate 2 shows the presence of giant keratinized cells 
which were shed into the media once RTE5 cultures had 
become confluent, such cells were not as common in PLK 
cultures. RTE5 cultures usually contained only the one 
cell type, while PLK cultures sometimes contained cells
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with a fibroblastic morphology growing on the periphery of 
the epithelial outgrowths as shown in plate 3.
Some of the more metabolically active cells present in 
skin, including Langerhans cells and melanocytes, can be 
identified using an ATPase stain. Preliminary studies, 
employing an ATPase stain revealed the presence of dark 
staining irregular-shaped cells in PLK but not RTE5 
cultures. 20 - 30 dark staining cells were found in each 
of a number of PLK culture flasks treated with the stain, 
at the end of the 4 week culture period. These cells were 
unlike the epithelial and fibroblast cells, since they 
contained high proportions of ATPase and were of a 
different shape.
The photographs of the stained section through a whole rat 
tongue (plates 4 and 5) clearly show the epithelium, 
dermis and lower subdermal layers. Within the subdermal 
layer the collagen, fatty tissue, muscle and blood vessels 
are clearly visible. In the higher magnification photo­
graph (plate 5) the layers of cells present in the 
epithelium are discernible, particularly the basal and 
granular layers.
To ascertain whether the whole epithelium had been removed 
with or without dermal cell contamination, both the 
remaining tissue from a piece of dispase-treated rat 
tongue and that which had been peeled away were fixed, 
embedded, cut and stained in the same way as the whole
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tongue section. The photographs displayed in plate 6 and 
7 show both the stained epithelial section and the 
remaining dermal/subdermal section respectively. These 
photographs clearly show that the epithelium had been 
peeled away from the dermis, intact, leaving no epithelial 
cells behind on the dermis or removing any dermal cells. 
For greater detail, higher magnification photographs of 
the dispase-treated dermis and epithelium are shown in 
plates 8 and 9. From these photographs it can be seen 
that either because of the removal of the supportive 
dermal layer or perhaps as an artefact of fixation, the 
epithelial cells had 'flattened out' and some internal 
layers had become separated.
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PLATE 1
PLK CELLS STAINED 
TRICHROME STAIN 
BAR, 50/un X400
EPITHELIAL CELLS
NUCLEI
WITH MASSON’S
S
SQUAMES
BOTH PLK AND RTE5 CELLS VERE 
GRQVN IN CULTURE FOR 4 WEEKS 
AT 30*C ON THERMANOX PLASTIC 
SLIDES PRIOR TO FIXATION IN 
A FORMAL CALCIUM SOLUTION AND 
STAINING WITH MASSON’S 
TRICHROME STAIN.
EPITHELIAL CELLS 
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PLATE 2
RTE5 CELLS STAINED VITH MASSON’ 
TRICHROME STAIN 
BAR, 50/un X400
PLATE 3
PLK CULTURE STAINED VITH MASSON'S TRICHROME STAIN 
SHOVING CELLS VITH EPIDERMAL AND FIBROBLASTIC 
MORPHOLOGY.
BAR, 50/m X400
PLK CELLS WERE GROWN FOR 4 VEEKS AT 30°C ON 
THERMANOX PLASTIC SLIDES PRIOR TO FIXATION IN A 
FORMAL CALCIUM SOLUTION AND STAINING VITH MASSON'S 
TRICHROME STAIN. THE AREA FOR THE ABOVE 
PHOTOGRAPH VAS CHOSEN TO SHOW THE GROWTH OF CELLS 
VITH A FIBROBLASTIC MORPHOLOGY ON THE PERIPHERY 
OF AN EPITHELIAL OUTGROWTH
•CELLS VITH A 
FIBROBLASTIC 
MORPHOLOGY
■EPITHELIAL CELLS
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PLATE 4
VERTICAL SECTION THROUGH WHOLE 
RAT TONGUE STAINED VITH MASSON'S 
TRICHROME STAIN 
BAS, 1mm X40
KEY
a - Epithelial Layer 
b - Dermal Layer 
C  - Panniculus Carnosus 
d - Subdermal Fatty Tissue 
e - Granular Cell Layer 
f - Spindle Cell Layer 
g -  Basal Cell Layer
PLATE 5
VERTICAL SECTION THROUGH WHOLE 
RAT TONGUE STAINED VITH MASSON'S 
TRICHROME STAIN AND SHOVING THE 
VENTRAL SIDE IN THE REGION OF 
THE EPITHELIUM AND DERMIS 
BAS, 100pm X200
VERTICAL SECTIONS (3pm) VERE CUT 
FROM A PIECE OF THE VENTRAL SIDE 
THAT HAD BEEN FIXED IN BOUIN'S 
FIXATIVE AND EMBEDDED IN VAX. 
MASSON'S TRICHROME STAIN UTIL­
ISED THE THREE STAINS OF VEIGART'S 
HAEMATOXYLIN, BIEBRICH SCARLET 
AND LIGHT GREEN.
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PLATE 6
VERTICAL SECTION THROUGH RAT 
TONGUE EPITHELIUM AFTER ITS 
REMOVAL FROM THE DERMIS VITH 
DISPASE AND STAINING VITH 
MASSON'S TRICHROME STAIN. 
BAS, 100pm X200
PLATE 7
VERTICAL SECTION THROUGH RAT 
TONGUE DERMAL AND SUBDERMAL 
LAYERS AFTER REMOVAL OF THE 
EPITHELIUM VITH DISPASE AND 
STAINING VITH MASSON'S TRICHROME 
STAIN.
BAR, 100pm X200
THE SECTION OF RAT SUBLINGUAL 
EPITHELIUM VAS SOAKED IN A 
DISPASE SOLUTION (200 IU ml"1) 
OVERNIGHT AT 4aC TO REMOVE THE 
EPITHELIUM AND PRODUCE THE 
SECTIONS FOR FIXATION, EMBEDDING 
AND STAINING.
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PLATE 8
VERTICAL SECTION THROUGH RAT 
TONGUE EPITHELIUM AFTER ITS 
REMOVAL FROM THF DERMIS VITH 
DISPASE AND STAINING VITH 
MASSON'S TRICHROME STAIN.
BAR, 50pm X400
PLATE 9
VERTICAL SECTION THROUGH RAT 
TONGUE DERMAL AND SUBDERMAL 
LAYERS AFTER REMOVAL OF THE 
EPITHELIUM VITH DISPASE AND 
STAINING VITH MASSON'S TRICHROME 
STAIN.
BAS, 50pm X400
THE SECTION OF RAT SUBLINGUAL 
EPITHELIUM VAS SOAKED IN A 
DISPASE SOLUTION (200 IU ml”’» 
OVERNIGHT AT 4°C TO REMOVE THE 
EPITHELIUM AND PRODUCE THE 
SECTIONS FOR FIXATION, EMBEDDING 
AND STAINING.
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5.3 DISCUSSION
The technique used for the establishment of primary 
cultures <PLK> was a simplified version of the one 
originally employed by Jepsen <1974>. Unlike Jepsen's 
method, but like Hopley's <1986> method, neither SPF 
animals or plasma clots were required for the attachment 
of tissue to growth substrates.
The contamination of flasks was significantly reduced by 
using a 70% alcohol solution to rinse the tongue tissue 
before sectioning and by the individual 'gassing' of 
flasks with 5% COs> prior to incubation. The individual 
gassing and sealing of flasks after 'feeding', reduced the 
chance of contamination within the humidified incubator. 
With these additional precautions the majority of flasks 
remained clear of fungal or bacterial contamination 
throughout the four week culture period, and consequently 
the yield of primary cells was higher than before such 
precautions were used.
Routine observation during the four week culture period 
and staining, showed that the RTE5 cultures contained 
mainly epithelial cells. Some fibroblast-like structures 
were occasionally visible and were most likely extensions 
of cell membranes during division, or small numbers of 
fibroblasts which were rapidly displaced into the media by 
the overwhelming numbers of epithelial cells.
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The use of specialized plastic culture flasks <Priraaria) , 
incubation at 30°C and a short trypsinization prior to 
harvesting to remove the less adherent fibroblasts 
resulted in PLK cultures containing minimal fibroblastic 
contamination.
Both PLK and RTE5 cultures demonstrated some degree of 
stratification. In areas where this 'piling up' occurred 
a number of layers of cells were generally visible.
Hopley <1986) also observed this stratification in RTE4 
cultures. Jepsen et al. <1980) found that cultures grown
from oral squamous epithelium often stratified, cells 
nearer the surface appearing more flattened than the cells 
attached to the culture substratum, with some internal 
layers appearing granular. In addition, Jepsen observed 
that there was no obvious stratum corneum in these 
cultures - which is normal for oral squamous epithelium.
In preliminary studies, cultured cells were stained with 
haematoxylin and eosin and also the Giemsa stain but 
Masson's trichrome stain gave the best differentiation of 
the culture components, though even this was not suf­
ficient to positively identify the individual layers. To
study the nature of the stratification more fully in PLK 
and RTE5 cultures, the electron microscopy methods used 
with the RTE4 culture by Hopley <1986) are recommended.
After a four week culture period, individual flasks of the 
PLK cells contained fewer but generally slightly larger
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cells than were present in flasks of RTE5 cells. The 
apparent difference in cell size could simply be a result 
of the availability of growing space. RTE5 and PLK cells 
were of similar size in the earlier first weeks, then as 
RTE5 cultures became confluent the cells became more 
closely packed and their 'visible' surface area decreased. 
The culture surface in flasks containing PLK cells were 
rarely completely covered and consequently the cells were 
not usually packed so tightly or appeared as small.
A number of squames were shed into the media of both 
cultures especially when stratification of cells began to 
occur. With these cells detached from the culture surface 
and with staining, it was possible to see that majiy were 
in fact anucleate. Once a maximum number of sublingual 
epithelial cells are present in culture, an equilibrium is 
commonly attained whereby an equivalent number of cells 
are shed as new cells are formed (Jepsen, 1974). An 
increase in the numbers of dead squames shed into the 
media is an indication that an equilibrium is being 
attained and that an associated drop in growth rate is 
likely; just such a drop in growth rate was observed in 
the fourth week in both PLK and RTE5 cultures.
Long-term cultures of RTE5 cells showed no gross morpho­
logical differences to PLK cultures and both these showed 
similarities to rat sublingual epithelium in vivo. 
Stratification occurred in a less organised manner in 
vitro but layers of cells were still visible. As Holbrook
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and Hennings <1983) observed in cultures of human keratin- 
ocytes, a less organized pattern of differentiation occurs 
and normal tissue architecture is usually absent; cells 
organise in flattened, loosely associated layers and 
synthesize a different pattern of keratin polypeptides.
Bullough et al. <1967) and Briggaman and Wheeler <1971) 
believed that the cells of the epidermis were dependent on 
the biochemical influences of the dermis, but the 
epithelial cells in these cultures <with no dermis 
present) appear to have undergone stratification via an 
internal mechanism, either at the nuclear level or by 
interaction between cells. The nature of such a control 
mechanism is not known.
In the first week of culture both PLK and RTE5 epithelial 
cells extended outward on their culture surfaces as 
monolayers. This outgrowth appears to be more a function 
of cell migration than of cell proliferation <Holbrook and 
Hennings, 1983). During the following two weeks the 
outgrowth epithelium grew at a reasonably linear rate, as 
was also found by Karasek <1983) with cultures of 
epithelial cells from postembryonic skin. The rates of 
protein synthesis, in terms of C3H]-leucine incorporation, 
did not differ greatly during the four week culture 
periods and in both cases a maximum was reached at 21 
days. Any apparent slowing of growth rate and protein 
synthesis could be the result of an increasing number of
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cells being shed into the media and hence remaining un­
assayed.
The method of Wells <1982), used for establishing cultures 
of epithelial cells, was improved by allowing the hair 
follicles explants to 'dry on' for 30 minutes prior to 
addition of media. The percentage of follicles that 
attached was doubled with this simple modification. Cell 
outgrowths occurred from most of the follicles which 
attached and tended to be almost 100% epithelial . Wells 
<1982) and Weterings et al. <1981) also demonstrated that 
the hair follicle culture method was indeed an excellent 
way to produce pure epithelial cultures.
The major drawback of the hair follicle culture method was 
the small yield of cells obtained from the initial primary 
culture. With only a small number of cells available, any 
attempts to subculture them were restricted. The primary 
culture method was very labour intensive and to establish 
a cell line many hundreds of flasks <and hair follicles) 
would have been required to obtain a sufficient number of 
cells for the culture attempts.
Neither Weterings, his co-workers or Wells have estab­
lished a cell line that could be subcultured for as many 
passages as the RTE cell lines produced by Jepsen et al. 
<1980), Buckley <1981) and Hopley <1986). Weterings and 
Wells both used their hair follicle cultures principally 
as a means of obtaining small amounts of biopsy material
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from subjects to assay for inborn errors of metabolism and 
for cytogenetic studies. For the screening of toxins on a 
routine basis a large number of cells would be required.
To generate a maximum number of cells the method employed 
by Weterings <1983) and utilizing Rheinwald and Green's 
<1975) 3T3 feeder layer technique would appear to be the 
most effective, Weterings claiming to generate about 
1 x 107" keratinocytes from one single hair follicle. 
Further research into this and other methods for the 
subculture of hair follicle cells is recommended.
A number of methods for separating epithelium from the 
dermal layer of skin samples are quoted in the literature 
though few studies have compared methods. Omar and Krebs 
<1975) made a comparative study on the effectiveness of 
pancreatic enzymes in epithelial separation finding that 
crude lipase was more effective than crude trypsin and 
pancreatin.
Trypsin has always been the enzyme most commonly used for 
the separation of epithelial sheets and their dissociation 
into cell suspensions <Briggaman et al. , 1967). Trypsin-
ization can cause separation at the suprabasal layer, 
leaving the proliferative population of keratinocytes on 
the dermis CRegnier et al., 1973). Kitano and Okada 
<1983) have shown that dispase, a bacterial neutral 
protease separates the epithelial sheet from the dermis 
complete with the suprabasal layer and with its undei—  
surface retaining rete ridges. In these studies dispase
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was found to separate the epithelium from the dermis more 
cleanly than trypsin, and stained sections of dispase- 
treated tissue (plates 8 and 9) clearly show that epi­
thelium was separated completely from dermis.
The rates of protein synthesis <C3H]-leucine incorpor-. 
ation) in cells derived from separated epithelium, 
revealed that dispase-separated cells had a reduced rate 
of synthesis. Dispase itself may have had an inhibitory 
effect on the enzymes involved in protein synthesis - this 
effect has not been mentioned in the literature and it is 
not known whether it would persist in the cells after 
culture. Kitano and Okada <1983) maintain that epithelial 
cells obtained using dispase have a high plating efficien­
cy and possess normal physical growth characteristics in 
culture.
It would appear that a 24 hour treatment with dispase 
successfully separated the complete epithelium from the 
dermis of sublingual tissue as demonstrated by the photo­
graphs (plates 4 - 9 ) .  The clean separation elicited by 
dispase suggests that any differences in protein synthesis 
observed with trypsin and EDTA-separated cells, though, not 
proven, may be due to the less efficient separation by these 
particular substances and the consequent loss of cell 
layers and/or contamination with other cell types. There 
may have been a loss of less active cells such as the 
upper squames when trypsin and EDTA were used, which would 
have resulted in an apparently higher rate of protein
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synthesis per cell. Further histological studies on 
trypsin and EDTA-separated cells would be necessary to 
demonstrate their cell type purity.
In contrast to trypsin, dispase is active in the presence 
of serum, Ca3"” and Mg3-4- and in addition, the viability^of 
the cells obtained from dispase-separated tissue is high. 
These factors, coupled with the cleaner separation, 
suggest that dispase is a good alternative for separating 
the epithelial layer and providing a source of pure 
epithelial cells for culture or biochemical analysis.
A hydrolase, responsible for the hydrolysis of p-nitro- 
phenylacetate (probably a carboxylesterase), was present 
at similar activity in all the epithelial cells separated 
by each of the different methods. Many esterases are 
likely to survive for 24 hours at 4°C and be capable of 
returning to full activity when heated to 37*0 in an 
assay. For a fuller comparison of the effect of these 
methods of separation on cell biochemistry, other enzyme 
systems should be examined in the separated epithelial 
celIs.
The method of staining used for fixed cultured cells was 
an adaptation of that used for fixed tissue sections and 
as such was not ideal. The mountant, PVP, was used 
instead of DPX for the stained cultured cells and studies 
by Lamkie and Burstone (1962) have previously shown that 
such polyvinyl compounds can cause bleaching of the stain
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Variations in the intensity of the staining occurred 
within and between cultures and it is difficult to state 
conclusively whether one cell culture contained more 
keratin or collagen than another. Other stains for the 
keratin present in skin cultures, such as that of Kreyberg 
(1962), and other mountants such as glycerin, could be 
investigated in future studies. Nevertheless, the 
photographs of the cell cultures revealed the closely 
packed structure of the PLK and RTE5 cells and the 
presence of both keratin and collagen. The photographs 
also confirmed the presence of cells in a PLK culture with 
a fibroblastic morphology that grew on the periphery of 
the outgrowths.
Preliminary studies employing an ATPase stain revealed the 
presence of a small number of cells in PLK cultures 
containing high proportions of ATPase. These cells were 
most likely Langerhans cells or melanocytes. Langerhans 
cells constitute an important cellular component of oral 
mucosal epithelium (Wolff, 1972) and previous reports have 
confirmed the presence of Langerhan's cells and melano­
cytes in primary skin epidermal cell cultures among the 
cells of the basal and intermediate layers (Kitano and 
Okada, 1983; Prunieras, 1969; Briggaman et al., 1967). 
Langerhans cells possess high ATPase activity (Mackenzie 
and Squier, 1975) and significant amounts of hydrolytic 
enzymes such as acid phosphatase and non-specific esterase 
(Squier and Waterhouse, 1970; Wolff, 1972). Further more 
detailed studies using more specific stains for Langei—
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han's cells, such as the immunochemical method of Maddox 
et al. <1987), should be carried out to prove, unequi­
vocally, the presence of these cells in primary cultures 
of rat sublingual epithelium.
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INVESTIGATION OF PROTEIN SYNTHESIS IN 
SUBLINGUAL EPITHELIAL CELLS AND ITS 
INHIBITION BY T-2 TOXIN
6 . INVESTIGATION OF PROTEIN SYNTHESIS IN SUBLINGUAL 
EPITHELIAL CELLS AND ITS INHIBITION BY T-2 TOXIN
6.1. INTRODUCTION
The translation of coded information from DNA via mess­
enger RNA into the amino acid sequences of proteins, 
involves the orderly interactions of over 100 different 
macromolecules, including rnRNA, tRNA, ribosomes and many 
ancillary enzymes and proteins. The rate of production of 
these amino acid sequences is dependent on the age and 
type of cell, the availability of these macromolecules and 
the stage in the cell's growth cycle.
Ribosomes are the large ribonucleoprotein particles 
associated with the membranes of the rough endoplasmic 
reticulum and serve as the locus for protein synthesis. 
There are four steps in the synthesis of a protein, all of 
which involve ribosomes: -
a. The activation of amino acids
b. The initiation of the synthesis of the polypeptide
chain
c. Its elongation
d. Its termination.
A toxin that inhibits protein synthesis may affect any one 
or more of these steps. The degree of inhibition can be 
further modified by the permeability of the cell membrane
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to the toxin and the activity, structure and concentration 
of the toxin.
The 12,13-epoxytrichothecenes are efficient inhibitors of 
protein synthesis in a variety of eukaryotic systems 
(Carter and Cannon, 1977). The compounds have a common 
binding site on the 60S ribosome (Weii<Mckughluv,1974) and are 
potent inhibitors of the peptidyltransferase catalytic 
centre. One group of epoxytrichothecenes stabilize 
polyribosome profiles (they inhibit elongation and 
termination), the other group, which includes T-2 toxin, 
causes rapid disaggregation of polyribosomes (they inhibit 
initiation).
It appears that the toxicity of trichothecene mycotoxins 
is directly related to their biochemical properties as 
protein synthesis inhibitors. This characteristic 
property has been used as a specific marker for com­
parative cytotoxicity studies on different cell lines 
(Thompson and Vannemacher, 1982; Lee and Webber, 1984).
Protein synthesis is commonly assessed by measuring the 
incorporation of 3H or 1 '“•C labelled amino acids into the 
cell proteins precipitated by trichloracetic acid. In the 
studies detailed here, protein synthesis was measured in 
three epithelial cell preparations (PLK, RTE5 and NCK) and 
two non-epithelial cell lines (L5178Y and V79) by 
measuring incorporation of C3H]-leucine into the TCA- 
precipitable material.
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Little information is available on the effects of T-2 on 
protein synthesis in skin, although T-2 is one of the most 
potent inhibitors of protein synthesis and in addition, 
skin (including the buccal mucosa) is often the first line 
of defence against this type of environmental toxicant.
As well as gaining information on skin protein synthesis, 
these studies should enable distinctions to be made 
between the three epithelial cell preparations in terms of 
the relative cell sensitivities and the reversibility of 
this toxic effect.
The toxicity of a substance to living cells can be defined 
in terms of cell viability, proliferation rate, mito­
chondrial function, protein synthesis, the activities of 
particular enzymes and the synthesis of cell-specific 
products. A cell line or primary culture that can reveal 
information on the toxic effects of a xenobiotic in a 
particular organ, has the potential for being used as a 
screen for that toxic effect and as an alternative to in 
vivo studies. These studies of protein synthesis should 
help towards deciding whether the primary culture or cell 
line best reflect the toxic effects observed in the NCK 
cells taken directly from sublingual epithelium and so 
give an indication which model might be most appropriate 
for examining toxicity in vivo.
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6.2 RESULTS
6.2.1 COMPARISON OF PROTEIN SYNTHESIS IN NCK,
PLK, RTE5, L5178Y and V79 CELLS
Protein synthesis was measured as the amount of [ 3H] - 
leucine incorporated into the TCA-precipitable material 
from suspensions of NCK, PLK, RTE5, V79 and L5178Y cells 
over a four hour incubation period. Preliminary radio­
labelling assays had demonstrated that suspensions 
containing 2.5 x 10s cells were sufficient to produce 
accurate and reproducible counts of radioactivity due to 
incorporated C3H]-leucine. Figure 6.1 summarizes the data 
obtained for the five cell types and allows comparison of 
the rates of protein synthesis <[3H]-leucine incorpora­
tion) occurring in each cell type.
The established cell lines, V79 and L5178Y incorporated 
the greatest quantity of C3H]-Leucine during the four 
hours. Comparing the epithelial cell types, RTE5 cells 
proved to be the most active followed closely by PLK 
cells. NCK cells were considerably less active than any 
of the other cell types. Statistical comparison of 
residuals using the t-test showed that incorporation of 
C3HI-leucine into PLK and RTE5 cells was not significantly 
different at the 5% level.
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6.2.2 INHIBITION OF PROTEIN SYNTHESIS BY T-2 TOXIN
Protein synthesis inhibition was measured as the reduced 
incorporation of C3H3-leucine into the TCA-precipitable 
material from suspensions of cells <2.5 x 10s ml"1), 
incubated in the presence of one of three concentrations 
of T-2 toxin <1 x lO"*5; 1 x \ 1 x 10”'a gml""1) for four
hours. The three epithelial cell types and the estab­
lished cell lines V79 and L5178Y were compared and the 
results obtained are summarized in the graphs displayed in 
figures 6.2 and 6.3.
Figures 6.2<a>-<e> show the incorporation of C3H]-leucine 
at each of the three T-2 concentrations for the five cell 
types, with each value being the mean of two or more 
experiments in which duplicate samples had been obtained. 
Figures 6.3<a)-<e> show the percentage incorporation of 
C3H]-leucine at each of the three T-2 concentrations for 
the five cell types displayed in figure 6.2 <calculated as 
percentages of the control values displayed in figure 
6.1). The values for the untreated control incubates were 
obtained at the same time as the values displayed in 
figure 6.2 and were pooled to obtain figure 6.1.
The results presented in figures 6.2 and 6,3 indicate that 
T-2 toxin was a potent inhibitor of protein synthesis in 
all five cell types. In most cases the incorporation of 
C3H]-leucine was inhibited by over 50% in the initial 30 
minutes and by 80%-100% after four hours. At the lowest
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concentration of T-2 in the media (1 x 10~3 gml"1 > all the 
cell lines <RTE5, V79 and L5178Y) were inhibited by over 
60% after 15 minutes.
A dose-related depression of C :i,H3-leucine incorporation 
occurred with all five cell types; this was most pro- _ 
nounced in the PLK cells and least in the more sensitive 
established cell lines V79 and L5178Y. If C3H]-leucine 
incorporation is assumed to accurately reflect the levels 
of protein synthesis in the cells, then the concentrations 
of T-2 used can be said to have been sufficient to gain an 
adequate dose-related depression of protein synthesis in 
the epithelial cells, but not in the established cell 
lines.
In all cell types, maximum rates of C3H]-leucine incorpor­
ation occurred in the first 60 minutes in the presence of 
T-2, after this time there was no sign of recovery towards 
control levels in the continued presence of T-2 in the 
media.
Of the epithelial cell types, PLK and NCK cells were 
generally inhibited to a lesser extent at each T-2 
concentration than RTE5 cells. RTE5 cells showed the 
greatest similarity to the degrees of inhibition displayed 
in V79 cells, at each T-2 concentration during the four 
hour incubation period.
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The lymphoma cells, L5178Y, were dissimilar to the other 
cell lines in that once the maximal inhibition of [ 3H3 - 
leucine incorporation (approximately 90%) had been 
achieved in the first 60 minutes, little increase in 
inhibition occurred during the remainder of the treatment 
period. A resistant proportion of the lymphoma cells 
(approximately 10%) appeared to be present.
6.2.3 RECOVERY OF PROTEIN SYNTHESIS AFTER INHIBITION 
BY T-2 TOXIN
The recovery of protein synthesis, after inhibition by 
T-2, was measured as the incorporation of [3H3-leucine 
into the TCA-precipitable material from suspensions of 
cells (2.5 x 10*5 ml”1), usually over a four hour period. 
Before this 'recovery' period cells were incubated for one 
hour with one of three concentrations of T-2 (1 x 10"3 ; 1
x 10"^; 1 x 10”3 gml”1> and the toxin removed. The three
epithelial cell types and the cell lines, V79 and L5178Y, 
were compared and the results obtained are summarized in 
figures 6.4 and 6.5.
Figures 6.4(a)-(e> show the incorporation of [3H3-leucine 
at each of the three T-2 concentrations for the five cell 
types, with each value being the mean of two or more 
experiments in which duplicate samples had been obtained. 
The data points on the graphs shown in figures 6.5(a)-(e) 
are the values displayed in figures 6.4 as percentages of
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the incorporation of [3H]-leucine that occurred in the 
control incubates shown in figure 6.1.
The results presented in figures 6.4 and 6.5 indicate that 
over the same incubation periods, RTE5 and V79 cells 
recovered more rapidly and to a greater extent than the 
other cell types, at all T-2 concentrations. PLK and NCK 
cells generally recovered at the slowest rates, especially 
after treatment with 1 x 10""*5 and 1 x 10~y gml""1 T-2.
The duration of the toxic effect was shortest in RTE5 and 
V79 cells with over 40% C3H]-leucine incorporation being 
achieved 3-4 hours after pre-incubation with 1 x I0'“'r’ to 
1 x 10"3 gml""1 T-2. The effect was more prolonged in NCK, 
PLK and L5178Y cells with %C3H]-leucine incorporation 
never actually rising above 40% 3-4 hours after pre­
incubation with 1 x lO'"*3 and 1 x 10“7 gml-1 T-2.
6.2.4 CELL UPTAKE AND LOSS OF T-2 TOXIN
The uptake into and loss of T-2 toxin from NCK, PLK and 
RTE5 cells, over a period of four hours, was measured 
using C3H]T-2. Uptake and loss of C3H]T-2 in the three 
cell types at both 1 x 10"’y gml”1 and 1 x I0”e gml” '1 are 
compared in figures 6.6<a> and <b> and figures 6.7<a> and 
<b> respectively. Figures 6.6 and 6.7 indicate that, 
except for NCK cells at the lower dose, maximum uptake of 
[3H]T-2 occurred in the first 60 minutes in all three cell 
types at both 1 x 10”e and 1 x lO"7'- gml”1 , followed by a
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gradual decrease over the following three hours. Levels 
of uptake during the whole incubation period were often 
higher in the NCK and PLK cells and lower in the RTE5 
cells. The difference in uptake in RTE5 cells was most 
pronounced at 1 x 10"'3 gml ""1 C3H3T-2, values being only- 
half that found in NCK and PLK cells at equivalent time 
points.
The loss of C3H]T-2 occurred at a moderate rate from all 
three cell types with maximum loss <up to 60% of total) 
occurring in the first 60 minutes after treatment at both 
T-2 concentrations. There were variations in the rate of 
loss but generally the higher the starting concentration 
the more that remained associated with the cells after 4 
hours and vice-versa.
The values displayed in figures 6.6(b) and 6.7(b) were 
also plotted in terms of the percentage of [3H]T-2 present 
in the incubates and these graphs are shown in figures 6.8 
and 6.9. The patterns of uptake and loss were the same as 
those shown in figures 6.6 and 6.7, although on the axis 
shown in figure 6.9 they were not as clear at 1 x 10"^ 
gml”1 because of the low percentage of the total dose that 
was absorbed (<0.05%).
The rate of loss of C3H]T-2 from the three cell types was 
further assessed in figures 6.10(a) and (b) by plotting 
the values displayed in figures 6.6(b) and 6.7(b) as 
percentages of the T-2 concentration at 0 minutes (time of
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removal of media containing T-2). These graphs, along 
with figures 6.10<c) & <d> (where the loss values were 
plotted as logs) and table 6.1 showing the calculated 
half-lives, demonstrate the differences and similarities 
in the rate of loss most clearly. They show that RTE5 
cells treated with 1 x 10-6S gml -1 C :3H3 T-2 lost their C 3H3 
at the fastest rate (tte=51 minutes) while PLK cells
treated with 1 x lO'^^gml 1 lost their [ 3H3 at the slowest
rate (t&=137. minutes). Generally though the half-lives of 
C3H3 in the three cell types were in the region of 1& to 2 
hours indicating similar moderate rates of loss.
From the best-fit lines shown in figure 6.-T0(c> & (d) it 
would appear that the PLK and NCK cells lost T-2 at 
similar rates when incubated with 1 x 10~er gml-' and RTE5 
and NCK cells lost T-2 at similar rates when incubated 
with 1 x lO-^gml""1 . Also, although the differences were 
usually minimal, the rate of loss of [3H3T-2 from each 
particular cell type tended to be greater at the lower T-2 
concentration of 1 x 10_e3 gml-1 with the exception of KCK 
cells where the reverse was true (see table 6.1).
The loss of T-2 from the cells and the recovery of protein 
synthesis from T-2 inhibition were compared in figure 6.10 
<e) & (f> by the direct correlation of cell-associated 
[ 3H3 T-2 with t3H3leucine incorporation. As may have been 
expected, the greater the concentration of T-2 the lower 
was the incorporation of leucine and vice versa. Clearly, 
PLK cells were more resistant to protein synthesis
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inhibition than RTE5 cells at both T-2 concentrations.
This greater inhibition in the RTE5 cells meant that these 
curves and those for PLK cells were not overlayed at each 
T-2 concentration but nevertheless, RTE5 cells did produce 
curves with a shape more sirailai' to PLK than NCK cells. 
Though the levels of [3HJleucine incorporation were low in 
the NCK cells, at 1 x 10~e gml-1 there was some si mi l'arity 
between RTE5 and NCK cells but not at 1 x 10~'7gml"~1 .
Rotenone, an inhibitor of the electron transport system, 
was used to establish whether the uptake and loss of T-2 
in PLK and RTE5 cells was dependent on the mitochondrial 
activity and these results are compared in figures 6.12 
and 6.13. Rotenone was present in the incubates at a 
concentration of 5 x 10-sv gml” 1 .
Prior to examining its effect on uptake and loss of 
[3H3T-2, the inhibitory effect of different concentrations 
of rotenone on the incorporation of C3H3-leucine into RTE5 
cells was assessed and these data are; displayed in figure 
6.11. Rotenone inhibits protein synthesis in cells in­
directly by inhibiting mitochondrial activity and lienee 
the production of the ATP required to form the aminoacyl- 
tRNA necessary in the initiation of protein synthesis 
CLindahl and Oberg, 1961). But it is important to note 
that the ATP required for protein synthesis may also be 
obtained from the glycolysis which occurs in the cytosol. 
From the results it was shown that a concentration of 
5 x 10~sgml~1, caused a 75% reduction in C3H3-leucine
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incorporation. A concentration of 5 x 10”“sgml“1 rotenone
i Kc
should therefore be capable of inhibiting arty mitochond­
rial activity which might be involved in the active uptake 
or loss of [3H]T-2.
Uptake of [3H3T-2 into cells treated with rotenone <figure 
6. 12 and 6.13) also showed that maximum uptake occurred in 
the first 60 minutes in both PLK and RTE5 cells, followed 
by a gradual decrease in content over the following three 
hours. The initial levels of [3H]T-2 uptake, during the 
period of 0 - 30 minutes, were up to 30% higher in rot­
enone- treated PLK and RTE5 cells at both 1 x 10-3 and 
1 x lO"7' gml”1 . After 30 minutes, in the presence of 
1 x lO-^gml"-1 [3H3T-2, uptake into cells was up to 30% 
lower in rotenone-treated cells.
To compare rates of loss, the percentages of C3H3T-2 lost 
(as percentages of the starting concentrations) were 
plotted for cells treated with and without rotenone 
(figure 6.14). The presence of rotenone appeared to 
increase the rates of loss from PLK cells at both C 3H3 T-2 
concentrations and RTE5 cells at 1 x 10“7 gml” 1 [3H3T-2 
only. In RTE5 cells at 1 x 10”3 gml”1 there was little 
difference in the rate of loss.
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6.2.5 VIABILITY OF UNTREATED (CONTROL) AND T-2 TREATED
CELLS
Before all experiments were performed, the viability of a 
sample of cells was measured using the trypan blue dye 
exclusion test. To assess the cytotoxic effect of the T-2 
at the concentrations used in these studies, control and 
T-2 treated suspensions of NCK, PLK and RTE5 cells were 
examined for the numbers of viable cells they contained at 
intervals during a four hour, 37°C incubation period. The 
results of these assays are displayed in Figure 6.15 
<a>-(c>. All three cell types had similar viability with 
a decrease of between 1 and 6% occurring in each control 
suspension during the four hours. Treatment with T-2 toxin 
<1 x 10"^; 1 x 10~'y; 1 x 10“'=a gml™1 > caused little further
decrease in viability <<6%> indicating that T-2, at these 
concentrations, was not particularly cytotoxic.
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6.3 DISCUSSION
During the development of a cell line from a primary 
culture, the most proliferative cell type usually pre­
dominates unless a particular cell type is selected for 
above all others. The RTE5 cell line was prepared by 
Hopley <1986) as a pure keratinocyte cell line by reducing 
the numbers of the more proliferative fibroblasts in the 
initial primary culture using specialised flasks, in­
clination at 30 °C and a short trypsinization prior to
It might be expected that the most proliferative cell 
types have higher rates of protein synthesis. In this 
study, the established fibroblast <V79) and lymphoma 
(L5178Y) cell lines proved to have the highest rates of 
protein synthesis, as assessed by incorporation of C3H3- 
leucine into the TCA-precipitable fraction, probably 
because they were more proliferative than the PLK and RTE5 
cells. Prepared from a slower growing cell type, the 
epithelial cells of the RTE5 cell line possessed a rate of 
synthesis less than the other cell lines but similar to 
that of the primary keratinocyte culture <PLK>. This 
similarity in RTE5 and PLK rates of synthesis may be 
expected considering the common ancestry of these cell 
types: similar proteins are probably being synthesized at 
,rates characteristic of cells derived from rat sublingual 
epithelium.
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The RTE cell lines are not immortal and have only been 
cultured up to about 30 passages (Jepsen 1974; Buckley 
1981; Hopley 1986). Some of the growth control mechanisms 
that are often lost when an immortal line is established, 
may still be present in the RTE5 and PLK cells and this 
could also have contributed to their lower rates of 
protein synthesis when compared with the immortal L5178Y 
and V79 cell lines. The fact that PLK and RTE5 cultures 
showed some orientation of cells into layers (stratifi­
cation) indicated that some growth control mechanisms 
might be present (see previous chapter).
Freshly isolated cells (NCK) taken directly from rat 
tongue epithelium, had the lowest rate of protein 
synthesis. One possible reason for the difference in 
rates is that the relative proportions of the epithelial 
cell layers, from which the NCK cells were derived, may 
have differed significantly from those of the PLK and RTE5 
epithelial cell types. Cells from the basal layer should 
have the greatest rate of protein synthesis since they 
produce all the cells which migrate up through the 
Malpighian and granular layers. A greater proportion of 
basal cells present in the PLK and RTE5 cultures and/or 
greater proportion of the less active upper layers of 
cells present in the NCK cell population, may have been 
responsible for the relatively low rate 6f protein 
synthesis in NCK cells. The method used to measure 
protein synthesis ([3H]leucine incorporation) probably
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makes the proportion of basal cells the determining factor 
in this case, because as Fukuyama and Epstein <1966) 
demonstrated, leucine is incorporated predominantly into 
the basal layer of skin epidermis.
It was thought possible that the method of preparing NCK 
cell suspensions from sublingual epithelium, utilizing an 
overnight incubation with a dispase solution, may have 
caused a reduction in synthesis. Comparison of rates of 
protein synthesis of these cells with NCK cells obtained 
from sublingual epithelium treated overnight with trypsin 
or EDTA (see previous chapter), revealed that dispase did 
appear to cause a reduction in protein synthesis, although 
this was somewhat smaller than would have accounted for 
the difference in rates observed between the cultured 
epithelial cells and NCK cells. But it should be empha­
sized that when methods of separation were compared, it 
seemed more likely that the apparent drop in synthesis 
rate observed in dispase-separated cells, was due to in­
flated synthesis rates in the trypsin and EDTA-separated 
cells due to incomplete separation. An incomplete 
separation could have resulted in a loss of less active 
cell layers or contamination with more active cell types.
The ‘wound response' seen in viva in skin epidermis may 
have been present to a limited degree in NCK cells and 
been responsible for lowered protein synthesis since it 
has been shown that, after incising epidermis or by 
repeated stripping with scotch tape, there is a delay
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period of up to 65 hours before proliferation of cells 
restarts (Epstein and Sullivan, 1963). It has been 
suggested that this delay is related to a local depletion 
in the number of basal cells (Denekamp and Fowler, 1976); 
if this is the case then perhaps the differences in 
synthesis between the three cell types can be explained in 
terms of the control of epidermal cell proliferation. A 
number of control mechanisms have been suggested, not 
least of which was the chalone hypothesis (Builough et 
al. , 1967) which stated that a single tissue-specific
glycoprotein with a molecular weight of 30,000 to 40,000 
daltons was responsible for inhibiting cells in the G2 
cell cycle phase and was the major growth control in 
epidermal tissues. Though not universally accepted, there 
is good evidence that in many renewing tissues, negative 
feedback control substances are operative; as Argyris 
(1977) has shown for the epidermis after wounding. In 
addition Elgjo (1974) has proposed that the G2 inhibitor 
is produced by basal cells.
Normal cell cycle kinetics are unlikely to exist in 
epithelial cell cultures and control mechanisms such as 
those discussed, will either be modified or not present at 
all. With less control of proliferation in cell cultures 
than was present in the whole tissue from which they were 
derived, it may be expected that the levels of protein 
synthesis in PLK and RTE5 cells would be'greater than NCK 
cells in those first four hours after their removal from 
culture or whole tissue respectively,
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The trichothecene mycotoxins include some of the most 
potent inhibitors of protein synthesis examined in 
eukaryotic cells (Ueno, 1980). In this study, T-2 toxin 
was shown to be a powerful protein synthesis inhibitor 
causing over a 50% decrease in protein synthesis in most 
cell types examined even at the lowest concentration of 
1 x 10“'S5 gml""1 used in the media.
Smith et al., <1975) have demonstrated that T-2 inhibits
the initiation of protein synthesis in reticulocytes and 
allows those ribosomes that have already started synth­
esizing protein, at the time of drug addition, to complete 
their translational cycles. This fact may help explain 
the slightly higher rate of protein synthesis during the 
first 60 minutes after addition of T-2 and prior to the 
drop in these rates (see figure 6.3). The T-2 uptake 
experiments demonstrated that maximum cellular levels of 
T-2 were attained some time before maximum synthesis 
inhibition occurred, which is also indicative of T-2 toxin 
being an initiation-site inhibitor.
Inhibition of synthesis was greatest in the cell lines 
RTE5, L5178Y and V79 indicating, perhaps, that the 
population of cells that evolved to become cell lines in 
these cases were not the most resistant to toxic insult. 
NCK and PLK cells, on the other hand, which might have 
been expected to be most similar to skin epithelium in 
vivo, appeared more resistant to toxic insult. Cells of 
the epidermis contain small keratin molecules <46 - 58K)
(Fuchs and Green, 1980) and in the culture of epidermis, 
keratin is reported to comprise 25% to 35% of the total 
protein (Sun and Green, 1975). Variations in the keratin 
content of the epithelial cells may be responsible for 
their differences in permeability and therefore their 
resistance to toxic insult. Generally, the more keratin­
ized a cell, the less permeable it is and this is the 
reason why the stratum corneum layer, which contains up to 
20% of its total protein as keratin (Sun and Green, 1975), 
is the least permeable layer of skin epithelium. It is 
important to note that tongue epithelium in vivo does not 
possess a stratum corneum (Jepsen et al., 1980) and no 
obvious cornified layer was seen in these keratinocyte 
cultures. Further investigation of the degree of keratin- 
ization of the epithelial cells is necessary to decide 
whether this is responsible for the differences in perm­
eability and protein synthesis observed.
Most enzyme systems present in skin in vivo have also been 
demonstrated in vitro although their activity is often 
reduced. Bickers et al. (1982a) have, for instance, showed 
that keratinocytes cultured from neonatal mice skin 
(primaries) lost 50-70% of their in vivo aryl hydrocarbon 
hydroxylase, 7-ethoxycoumarin de-ethylase and epoxide 
hydrolase activities. It has previously been shown that 
T-2 toxin is metabolized to a lesser extent in cultured 
VERO, L-929, human fibroblast and CHO cells than in vivo 
(Trusal, 1986; Ueno, 1980). Differences in metabolism of 
T-2 by NCK, PLK and RTE5 cells may have modified the
- 178 -
levels of protein synthesis inhibition observed and with 
this in mind the metabolism of T-2 will be more thoroughly 
investigated in a later chapter.
Thorough clean-up protocols ensured that primary cultures 
of cells <PLK> and NCK cells contained few interfering 
cell types such as dermal fibroblasts and this was proven 
by routine observation, cell counts and histological 
staining. The differences in synthesis inhibition could 
not therefore be accounted for by the presence of sig­
nificant numbers of other cell types.
The concentrations of T-2 employed, caused an adequate 
dose-related depression of protein synthesis in the 
epithelial cells but not in the established L5178Y and V79 
cell lines. Lower doses <<1 x lO-® gml"1 ) would probably 
have produced a better dose-response relationship with the 
established cell lines. Trusal and Martin (1987) found
-  S’that 1 x 10 gml"1 T-2 or less produced the best dose- 
response with the established VERO and CHO cell lines.
The L5178Y cells were the least typical of the cell types 
examined, perhaps because they were grown routinely as a 
suspension culture and not as a substrate-attached 
culture. A 'plateau effect' occurred with L5178Y cells 
since protein synthesis could not be inhibited by more 
than 90% with further increases in T-2 concentration.
This effect may have been due to a sub-population of 
resistant cells like that demonstrated in a mutant strain
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of Sac char oinyces cerevesiae (Carter et al.,1980) or to a 
difference in the cel1-cycle-phase specificity of T-2 
toxin in this cell type (Bruce et al., 1966). Lee and
Webber (1984) also demonstrated the presence of this 
plateau with L5178Y cells and went on to show that it was 
not due to the presence of a sub-population of resistant 
cells or to cell-eye1e-phase specificity. They suggested 
that it was more likely to be related to the cytostatic as 
opposed to the cytocidal effect produced by trichothecenes 
on cultured cells.
The uptake of T-2 occurred at a moderate rate in all three 
cell preparations, maximum concentrations being reached 
after only 60 minutes, which indicated a good cell 
permeability. The maximum inhibition of protein synthesis 
occurred 30 minutes to an hour after maximum intracellular 
levels of T-2 were attained and, as previously noted, this 
delay was probably due to ribosomes that had already 
started synthesizing protein at the time of maximum 
cellular drug concentration, being able to complete their 
translational cycles.
Levels of T-2 uptake tended to be greater in NCK and PLK 
cells yet these were the cells which were least inhibited 
(of the epithelial cell types). An enhancement of T-2 
uptake and a reduction in its inhibitory effect by some 
means may have occurred in the NCK and PLK cells.
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Trichothecenes, especially the more lipophilic ones such 
as roridin A and T-2, can bind to the lipids present in 
cell membranes, but the few studies carried out (Ueno and 
Matsumoto, 1975) suggest that this has little effect on 
the levels of protein synthesis inhibition in vitro.
Trichothecenes can also bind to a number of proteins not 
concerned with inhibition. The presence of greater 
proportions of keratin in NCK and PLK cells could have 
resulted in increased binding to these cells but few 
previous studies have examined the nature of T-2 binding 
and there is no evidence to suggest that T-2 binds 
preferentially to keratin.
Little has been published about the method of binding, 
uptake or internalization of T-2 toxin. Trusal and Martin 
(1987) examined the uptake of T-2 in Chinese Hamster Ovary 
cells <CHO> and African Green Monkey Kidney cells (VERO) 
and found that differences in uptake could not be explain­
ed on the basis of the number of ribosomal binding sites 
only. They decided that either there are additional 
binding sites and/or that a significant amount of toxin 
remains non-organelle-associated. Marcelo et al. <1978)
noted that primary cultures of keratinocytes contained 
numerous free ribosomes (unlike VERO and CHO cells), so 
the affinity of T-2 for the ribosomes in suspensions of 
PLK cells may, in this case, have been an important factor 
influencing uptake and inhibition.
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The volume of the cell may have played an important role 
in the total amount of intracellular toxin. Uptake of T-2 
toxin into RTE5 cells was less than that into PLK cells 
and this could perhaps be explained by the visibly smaller 
size of the RTE5 cells, though detailed cell diameter and 
volume measurements would be required to confirm this 
observation. If non-specific binding to cellular proteins 
occurs, then simply the presence of greater quantities of 
protein per cell might have resulted in greater uptake in 
those cells. Later work (next chapter, figure 7.4) 
revealed that PLK cells contained more protein per cell 
than the other epithelial cell types and so non-specific 
binding may have been a reason for the uptake of T-2 being 
greater in PLK than RTE5 cells. Alternatively, the uptake 
of T-2 may have been influenced by its rate of metabolism 
in each cell type and this possibility will be dealt with 
in later chapters.
et a.1., Uej)o}
Some studies (Ueno 1973b,. 1980) indicate that the tricho-
A  A
thecenes, diacetoxyscirpenol and fusarenon-X, can exert an 
effect on lipid synthesis and cell membranes affecting the 
rates of uptake of 1AC-precursors. More detailed studies 
of such membrane effects would be required to discover if 
T-2 is aiding or hindering its own uptake into the cells.
In this study the viability of all the cell types remained 
high after treatment with T-2 and this was also reflected 
in the cells ability to recover from protein synthesis 
inhibition. Terao (1983) suggests that the susceptibility
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of a cell to trichothecenes is dependent mainly on the 
amount of free polysomes in the cytoplasmic matrix, since 
all differentiated cells which have no free polysomes such 
as lymphocytes, intestinal absorptive epithelium and 
hepatocytes are not killed at the concentrations causing 
inhibition.
Most of the cells treated, quickly recovered towards their 
normal levels of protein synthesis once T-2 was removed 
from the media. RTE5 and V79 cells were most effective at 
recovering from T-2 inhibition. RTE5 cells were found to 
lose T-2 at the fastest rate of all the epithelial cell 
types and this most probably explains their fast rate of 
recovery.
Overall rates of recovery were low for L5178Y cells but 
picked up slightly during the second half of the in­
cubation period. Lee and Webber <1984) have previously 
shown that T-2 is lost very slowly from L5178Y cells, the 
toxin having an intracellular half-life of 201 minutes and 
148 minutes at 1 x lO"3 and 1 x 10"3 gml"1 respectively. 
The slow loss of T-2 in this case could help explain the 
gradual recovery observed.
Because recovery (and loss of T-2) was slower in the NCK 
and PLK cells than RTE5 cells, this suggested that T-2 was 
being prevented from leaving these cells'at the same rate 
that it entered them. The most likely reason was that 
some binding of T-2 to cellular components was occurring
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which, was not as readily reversible in the NCK and PLK 
types. The degree of binding of T-2 to cellular material 
may have been dependent on the concentration of T-2 used, 
among other factors, and infact the rates of loss appeared 
to be dependent on the concentration of T-2. The perm­
eability of the membranes in PLK and RTE5 cells may have 
been directly affected by the toxin but if this was the 
case it should have also inhibited the uptake as well as 
the loss.
Correlation of the loss of T-2 with the recovery of 
protein synthesis revealed that though T-2 was a more 
potent inhibitor in RTE5 cells, the kinetics of dissociat­
ion, as indicated by the similar shape of the curves in 
figure 6.10(e) and <f), was similar in PLK and RTE5 cells. 
The relatively low levels of C3H3leucine incorporation in 
NCK cells made it more difficult to interpret these 
results but there was some similarity in the shapes of the 
curve for NCK and the RTE5 cells an the lower T-2 con­
centration indicating, perhaps, that the kinetics of 
dissociation were most similar when there was not too 
great an excess of T-2 present. This was also found by 
Trusal and Martin (1987) in VERO and CHO cell lines.
Rotenone appeared to enhance instead of inhibit the uptake 
into and loss of T-2 from cells but it is important to 
note that further validation of the mechanism of inhib­
ition in these cell types is required. Nevertheless, it 
is possible that a metabolic 'pump' exists in the cell
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membranes which was disabled in the presence of rotenone 
causing these rates to increase. Trusal and Martin (1987) 
also found this to be the case when they used sodium 
fluoride, an inhibitor of glycolysis, on CHO and VERO 
cells treated with T-2.
The competition of rotenone and T-2 molecules for similar 
binding sites may have contributed to the differences in 
uptake and loss of T-2. At the higher concentration of 
T-2 (1 x 10”  ^ gml-1 ) , for instance, where competition for 
binding sites would have been greatest, the differences in 
loss in the presence of rotenone for PLK and RTE5 cells, 
were largest (see figure 6.14(a) and (b)).
Whether a metabolic pump exists or not it is likely that 
the majority of T-2 passes into and out of cells by simple 
diffusion and that the total amounts taken up or lost by 
cells are dependent on the number of binding sites and/or 
the strength of that binding and also, perhaps, the 
intracellular volume. Further studies are necessary to 
establish the mechanism(s) of T-2 uptake and loss in 
mammalian cells. Such research should provide important 
information on the susceptibility of mammalian tissues to 
T-2 and related environmental toxins.
Amino acids within a cell are present in functionally 
definable and experimentally identifiable pools. The two 
main pools are the acid-soluble and freely diffusible 
pools. Many acid-soluble amino acid pools are associated
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with the lysosomal elements of cells and levels are 
regulated by the degree of protein degradation. In the 
examination of protein synthesis rates using labelled 
amino acids there are two main theories which explain the 
role of these pools. Some investigators claim that amino 
acids present in the freely diffusible pool (those derived 
from the extracellular medium) are quickly activated and 
loaded on to tRNA effectively by-passing an existing acid- 
soluble intracellular pool of the same amino acid 
(Robertson and Wheatley, 1979). Others claim that the 
acid-soluble pools provide the amino acids for synthesis, 
incoming molecules from the external medium having to pass 
into the pool and equilibrate with it before linear 
kinetics are observed (Berg, 1968).
In the studies on the different cell types detailed in 
this chapter, the linear kinetics of C3H]leucine incorp­
oration with no detectable delay appears to support the 
theory of Robertson and Wheatley (1979). However, it is 
important to note that whatever theory is true the size of 
the pools in the different cell types would have been an 
important factor in determining the levels of C3H3leucine 
incorporation and hence the apparent rates of protein 
synthesis. To determine the size and involvement of the 
acid-soluble and freely diffusible pools in the cell types 
studied, the incorporation of [3H]leucine into the pools 
could be measured during timed incubations as described by 
Robertson and Wheatley (1979). The freely diffusible pool 
would be obtained by spinning down the cells and washing
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them with saline and the acid-soluble pool obtained by 
treating the resultant cell pellet with trichloroacetic 
acid.
Being derived directly from sublingual epithelium, NCK 
cells should most closely reflect the characteristics of 
the epithelial cells in vivo. In terras of protein synth­
esis inhibition and recovery and levels of T-2 uptake and 
loss, PLK cells were most similar to NCK cells and could 
therefore be considered as a potential model for studying 
toxicity in sublingual epithelium.
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\THE CHARACTERIZATION OF ESTERASES PRESENT 
IN SUBLINGUAL EPITHELIAL CELLS
7 THE CHARACTERIZATION OF ESTERASES PRESENT IN 
SUBLINGUAL EPITHELIAL CELLS
7.1 INTRODUCTION
The differences in protein synthesis inhibition and 
recovery observed in the epithelial cell types, NCK, PLK 
and RTE5, when treated with the mycotoxin T-2, may be a 
result of differences in the numbers of T-2 binding sites, 
cell permeabilities, intracellular volumes or the 
metabolism'of T-2. This chapter is concerned with the 
characterization of the enzymes most likely to be involved 
in the metabolism of T-2 in epithelial cells - esterases
The majority of metabolism studies involving T-2 have been 
in liver homogenates and microsomal fractions; some 
studies have been in skin in vivo (Kemppainen et al., 
1986,1987; Pace et al., 1986) and some studies have been 
conducted in established cell lines (VERO and CHO; Trusal, 
1986) and rat hepatocyte cultures (O’Brien et al., 1985),
but to date there have been no reports of T-2 metabolism 
in skin epithelial cell cultures.
Skin esterases could possibly be involved in the hydro­
lysis of the ester side chain present in T-2. Kinetic 
studies in liver microsomes have shown that a non-specific 
carboxylesterase deacetylates T-2 toxin at the C-4 
position to produce HT-2 toxin (Ohta et al., 1977; Johnsen
et al., 1986). Further metabolism to T-2 tetraol via 4-
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deacetylneosolaniol by a microsomal esterase has also been 
demonstrated (Yoshizawa et al., 1980). Since intact rat 
and human skin have been shown to contain cholinesterases 
(Cotton et al., 1973jb; Jenner 1986) and non-specific 
carboxylesterases (Findlay, 1955; Maruyama et al., 1980),
an identification of the types and concentrations of these 
esterases present in NCK, PLK and RTE5 cells may give some 
insight into the differences in metabolism of T-2. A 
characterization of the esterases present in the epith­
elial cells may also reveal any changes in the types and 
activities of esterases that have occurred during the 
'evolution' of the primary culture (PLK) and cell line 
(RTE5) from sublingual epithelial cells.
In a wider context, a knowledge of the esterolytic 
capacity of the skin will enable a prediction of the 
degree of hydrolysis of an ester applied to the skin.
This would be particularly useful in ascertaining the 
toxicological effects of certain industrial solvents and 
in the topical application of drugs in the form of esters.
The main aim of this section of the study was to 
demonstrate the presence of esterases in the epithelial 
cell types (NCK, PLK and RTE5), determine their relative 
activities and characterize them using a battery of 
inhibitors.
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7.2 RESULTS
7.2.1. COMPARISON OF ESTER HYDROLYSIS IN NCK, PLK AND 
RTE5 CELL PREPARATIONS
7.2.1.1 DETERMINATION OF SATURATING SUBSTRATE 
CONCENTRATIONS FOR THREE ESTERS IN NCK,
PLK AND RTE5 CELL HOMOGENATES
The hydrolysis of the three esters, acetylthiocholine 
iodide, butyrylthiocholine iodide and p-nitrophenylacetate 
were monitored in the filtered homogenates of the three 
sublingual epithelial cell preparations, as described in 
the methods section. A range of substrate concentrations 
were used to establish the maximum rates of hydrolysis of 
each substrate in each cell homogenate. The results are 
displayed in figures 7.1<a)-<c> and from these it was 
decided that 2mM, lOmM and 8raM of acetylthiocholine 
iodide, butyrylthiocholine iodide and p-nitrophenylacetate 
respectively, in each homogenate solution, would be used 
in all further assays.
When establishing the maximum rates for ester hydrolysis, 
the curves obtained for NCK cell homogenates were not 
perhaps as accurate as those obtained for PLK and RTE5 
cells as demonstrated by the larger error bars <S.E. M. 's). 
The reason for the lower reproducibi1ity'was that smaller 
changes in absorbance/minute during the assay of NCK cell 
homogenates represented greater changes in rate because of
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the generally smaller total amounts of protein that were 
assayed. To improve the accuracy in later assays, greater 
numbers of NCK cells were used to prepare the homogenates 
and therefore greater total amounts of protein.
7.2.1.2 DETERMINATION OF RATES OF ESTER HYDROLYSIS IN NCK, 
PLK AND RTE5 HOMOGENATES
The initial rates of hydrolysis of acetylthiocholine 
iodide, butyrylthiocholine iodide and p-nitrophenylacetate 
in homogenates of the three epithelial cell types at 
concentrations of 2mM, lOmM and 8mM respectively, were 
monitored and the results are displayed in the histograms 
in figures 7*2<a>-<c). A one way ANOVA test was used to 
show whether the differences between means were too great 
to be explained by random error and involved the calcu­
lation of within sample and between sample variation 
followed by a one-tailed F-test.
One of the first observations from figures 7.2<a)-<c) is 
that acetylthiocholine and butyrylthiocholine hydrolysis 
occurred at similar low rates while p-nitrophenyi acetate 
hydrolysis occurred at 10 to 30 times this rate. Compar­
ing cell types it would appear- that the hydrolysis of 
acetylthiocholine and butyrylthiocholine occurred at rates 
not significantly different at the 5% level for NCK and 
PLK cell homogenates while the rates for RTE5 cells 
differed significantly at the 5% level from NCK and PLK 
homogenates. Rates of choline ester hydrolysis in KTE5
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cell homogenates were less than half that occurring in NCK 
and PLK homogenates.
The hydrolysis of p-nitrophenylacetate occurred at rates 
not significantly different at the 5% level for PLK and 
RTE5 cell homogenates while the rates for NCK cells 
differed significantly at the 5% level from PLK and RTE5 
homogenates. Rates of p-nitrophenylacetate hydrolysis in 
NCK cell homogenates were over twice that occurring in PLK 
and RTE5 homogenates.
One factor not originally taken into account when calc­
ulating the ester hydrolysing capabilities of the cell 
types was their dependence on the number of cells. 
Activities were routinely calculated in terms of protein 
concentration and not the number of cells. In later T-2 
metabolism work (next chapter), the metabolizing cap­
ability of cells was expressed in terms of the cell 
number, so to allow direct comparison the differences in 
ester hydrolysing capability were also examined in terms 
of cell number and these data are compared in figures 
7.3<a)-(c). Cell homogenates were prepared from 1 x 10,iS 
cells and duplicate samples obtained within a single 
experiment. The histograms demonstrate that in terms of 
cell number, the PLK cell homogenates hydrolysed the 
choline esters at the greatest rate and hydrolysed p- 
nitrophenyl acetate at a high but similar rate to that of 
NCK cells. RTE5 cell homogenates gave the lowest rates of
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FIGURE 7.4
PROTEIN CONCENTRATIONS OF NCK, PLK AND RTE5 CELL HOMOGBNATES
'Protein content was measured using the method of Lowry si al.,1951.' 
1 Data points are the means of samples obtained in two 
experiments'
'Error bars are ranges’
- 194 -
hydrolysis for all three substrates both in terras of 
protein concentration and cell number.
The protein concentrations of homogenates of different 
numbers of NCK, PLK and RTE5 cells were obtained from 
duplicate samples during two experiments and this data is 
displayed in figure7*4. Statistical analysis of this data 
demonstrated that the slope of the regression plots for 
NCK and RTE5 cells did not differ significantly at the 5% 
level while the slope of the PLK regression plot did 
differ significantly from that of the NCK and RTE5 cells. 
From this it would appear that NCK and RTE5 cells con­
tained very similar amounts of protein per cell, while PLK 
cells contained over twice the protein per cell.
7.2.2 CHARACTERIZATION OF ESTERASES PRESENT IN NCK, PLK 
AND RTE5 CELL PREPARATIONS
Having shown that all three cell homogenates were capable 
of hydrolysing the three substrates, it was necessary to 
further characterize the enzyme or enzymes responsible 
using a series of selective enzymes inhibitors.
To characterize the cholinesterases the selective inhib­
itors BW284C51 and ethopropazine were used. BW284C51 has 
previously been shown to inhibit acetylcholinesterase to a 
greater extent than butyrylcholinesterase (Austin and 
Berry, 1953) and ethopropazine to inhibit butyrylcholin-
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esterase to a greater extent than acetylcholinesterase 
(Edwards and Brimijion, 1982).
The initial hydrolysis rates of acetylthiocholine and 
butyrylthiocholine were monitored in the filtered 
homogenates of the three keratinocyte cell types and 
solutions of pure acetylcholinesterase and butyryl­
chol inesterase . Different concentrations of BW284C51 and 
ethopropazine were added to incubates giving concentra­
tions in the range 1 x 10“®JI to 1 x 10"3M. Comparison 
with control incubates containing no inhibitor allowed the 
percentage inhibition to be calculated. For each sub­
strate and inhibitor combination examined, two experiments 
were carried out and duplicate samples were obtained in 
each. The results of these assays are displayed in 
figures 7.5 to 7.8. The graphs demonstrate the similarity 
in the shape of the inhibition curves for each cell type 
and solution of pure esterase when each particular 
substrate's hydrolysis was inhibited. BV284C51 inhibited 
acetylthiocholine hydrolysis to a greater extent than 
butyrylthiocholine hydrolysis at the same concentrations, 
while ethopropazine inhibited butyrylthiocholine 
hydrolysis to a greater extent than acetylthiocholine 
hydrolysis. Far lower concentrations of BV284C51 than 
ethopropazine were required for inhibition of acetyl­
thiocholine hydrolysis to begin, although it took 4-5 log 
concentrations before 90-100% inhibition' was attained.
With ethopropazine 90-100% inhibition was attained within 
3 log concentrations of its onset.
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FIGURE 7.5
INHIBITION OF ACETYLTHIOCHOLINE IODIDE HYDROLYSIS BY BW284C51 
IN HOMOGENATES OF NCK, PLK AND RTE5 CELLS AND A SOLUTION 
OF PURE ACETYLCHOLINESTERASE
'Data points are the means--of samples obtained in two 
experiments' • •
'Acetylcholinesterase (Type V-S, from electric eel, with 
an activity of approximately 1000 enzyme units mg""1) was 
used at a concentration of 0.02mg ml-1 in the incubates' 
'Each cell homogenate was prepared from 3 x 10e cells'
'Error bars are ranges'
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FIGURE 7.6
INHIBITION OF BUTYRYLTHIOCHOLINE IODIDE HYDROLYSIS BY BV284C51 
IN HOMOGENATES OF NCK, PLK AND RTE5 CELLS AND A SOLUTION OF 
PURE BUTYRYLCHOLINESTERASE
'Data points are the means of samples obtained in two 
experiments' / -
'Butyrylcholinesterase (Type IV-S, from horse serum, with 
an activity of approximately 10-20 enzyme units mg"1) was 
used at a concentration of ling ml"1 in the incubates'
'Each cell homogenate was prepared from 3 x 10s cells'
'Error bars are ranges *
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FIGURE 7.7
INHIBITION OF ACETYLTHIOCHOLINE IODIDE HYDROLYSIS BY ETHOPROPAZINE 
IN HOMOGENATES OF NCK, PLK AND RTE5 CELLS AND A SOLUTION OF PURE 
ACETYLCHOLINESTERASE
•'Data points are the means of samples obtained in two 
experiments'
'Acetylcholinesterase (Type V-S, from electric eel, with 
an activity of approximately 1000 enzyme units mg-'1) was 
used at a concentration of 0. 02mg ml"1 in the incubates'
'Each cell homogenate was prepared from 3 x 10s cells'
'Error bars are rang es '
- 199 -
% 
IN
H
IB
IT
IO
N
BUTYRYLTHIOCHOLINE HYDROLYSIS +  ETHOPROPAZINE
S— PURE ESTERASE
* -  PLK
RTE5 
NCK
100-1
8 0 -
6 0 -
4 0 -
20 -
16 4 3 27 5
CONCENTRATION OF INHIBITOR (LOG 10 M)
FIGURE 7.8
INHIBITION- OF BUTYRYLTHIOCHOLINE IODIDE HYDROLYSIS BY ETHOPROPAZINE 
IN HOMOGENATES OF NCK, PLK AND RTE5 CELLS AND A SOLUTION OF PURE 
BUTYRYLCHOLINESTERASE v
'Data points are the means of samples obtained in two 
experiments'
1Butyrylcholinesterase (Type IV-S, from horse serum, with 
an activity of approximately 10-20 enzyme units mg-1) was 
used at a concentration of lmg ml"'-1 in the incubates'
'Each cell homogenate was prepared from 3 x 10e cells'
'Error bars are ranges 1
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To characterize the enzyme or enzymes hydrolysing p- 
nitrophenylacetate, bis-p-nitrophenylphosphate <BPNP>, 
which has been used as a selective inhibitor of carboxyl- 
esterase (Mentlein et al. , 1980) and paraoxon, an inhib­
itor of serine esterases (Johnsen et al., 1986) were used.
The initial hydrolysis rates of p-nitrophenylacetate were 
monitored in the filtered homogenates of the three 
keratinocyte cell types and a solution of pure carboxyl- 
esterase. BPNP and paraoxon were added to incubates 
giving concentrations in the range 1 x 10“':,M to 1 x 10"3M. 
Two experiments were carried out for each inhibitor and 
duplicate samples obtained in each case. The results of 
these assays are displayed in figures 7.9 and 7.10.
Similar shaped inhibition plots were obtained for all 
three cell types with both inhibitors. The pure carboxyl- 
esterase solution was inhibited to a greater extent by 
paraoxon than were the cell types, the maximum inhibition 
usually being obtained with 1 log concentration less 
inhibitor than was required in the cell homogenates. 
Paraoxon generally inhibited the hydrolysis of the 
substrate to a greater extent and at lower concentrations 
than BPNP.
The concentrations of inhibitors required to cause 50% 
inhibition of hydrolysis <150 values) were obtained from 
the graphs displayed in figures 7.5 to 7.10 and are 
presented in table 7.2.
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FIGURE 7.9
INHIBITION OF P-NITROPHENYL ACETATE HYDROLYSIS BY BIS-P-NITROPHENYL 
PHOSPHATE (BPNP) IN HOMOGENATES OF NCK, PLK AND RTE5 CELLS AND A 
SOLUTION OF PURE CARBOXYLESTERASE
' Data points are the means of samples obtained In two 
experiments'
'Porcine liver carboxylesterase (with an activity of 
200 units mg"1) was used at a concentration of 0. Img ml"1 
in the incubates'
'Each cell homogenate was prepared from 3 x 10G cells'
'Error bars are rang es 1
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FIGURE 7.10
INHIBITION OF P- NT TROPHENYL ACETATE HYDROLYSIS BY PARAOXON IN 
HOHOGENATES OF NCK, PLK AND RTE5 CELLS AND A SOLUTION OF PURE 
CARBOXYLESTERASE
• Data points are the means of samples obtained in two 
experiments'
'Porcine liver carboxylesterase (with an activity of 
200 units mg"1) was used at a concentration of 0. Img ml" 
in the incubates'
'Each cell homogenate was prepared from 3 x 10G cells' 
'Error bars are ranges'
- 203 -
eo | rI T> 1 L 1o o tw> o L— ' o
l O r H tH * H t H r H 1 t H
w
E-* X X X X X X
P C
O'j t H o O
lO p H r H ° o c
T"i tH C M r“^ ' c o C O
00 in m in
• o O o ‘o o
r H r H t H i H t H tH
X
E J X X X X X X
w 0-i
0 0 C M o c o o
C O C M c o o m
w - •
•*1
r H r H c - H C O C O
H-J
< 3
> 00 1
ini ini T _
' o O o O O •_ i
o tH tH t H t H t H r H
u O X
I H O X X X X X Xz
C O C O C O t H o
C O t > «— J o t H 0 5
r H tH t H t H C M t H
w fc>
r
• o
i n
i
O % >
r
>— i
C O ▼ H tH r H t H t H t H
<
0 5 X X X X X X
W
H C M r H 0 0 t H
c o t o i n i n C M 0 5 ' O
w • • - • • *
tH t H r H t H t H
w w
w z w zz t H Z I H
t— 1 P I H p
J O P o  —
w o  ^ D C  s O P C  s P  s P  S
E H S C  s O  6 3 5  E o  e >■< s >■< £
< O  6 O  O O  £ o  o Z  o o Z  0 0
0 5 O  CM t H  t H O  CM I H  t H W  w fxl
E-* »h  w 3 5  w I H  w P C  — 3 5 S C
C O P C E-* P C (L, P L
P Q P E-* P O  W o  w
P P  W >-• W P  W > H  W 0 5  E-* 0 5  E H
C O P 0 5  P Eh  p 0 5  p E -  < E-i <
Eh  V H > i  t H E-I t H > H  I H t H  E-< ► H  E-4
W  P H  P W  P H  P Z  W Z  W
O  O P  O O  O DO O 1 o I O
C  ►— i P Q  t H <  *-t P Q  I H P-. < P  < 3
W Wz z
0 5 I H I H
O X X
E h < <
(-H tH t H PL, P Q z
P Q m i n o O o
i— i o o 0 5 0 5 X
sc P-t C U o
Z 0 0 0 0 C o < P
t— 1 0 3 CM 3 5 P C 0 5 Z
3 : 3 : E-* E - < P-i
P Q P Q W W CL, m
04
o
s Q
c=> 0
01 <S
<
i> CO
0)
o 01
in PQ
i—t Ov
in
!==; 03
o H
i—i 0
E-
t—t Q
OQ s
1—4 <«!
»
05 X
IH i-3
0
**
o
in X
O
o 004H 0
CO O
c=>
<!
o 03
E-*
CO -*l
« 0
o 03 X
t-4 e> CO
1—4 o <s
PQ x XH o X
w X Hto COH 0 X
t
04 X
O CO X
IH X
CO CO X0s >4o kQ X
H O o
H X
03 «*S Q CO. (X >4 0
C- H X o05 IH
w 03 X H
01 O X X
P5 0 H X
<C O CO o
C-* O X CO
- 204 -
Da
ta
 
ob
ta
in
ed
 
fr
om
 
gr
ap
hs
 
di
sp
la
ye
d 
in 
fi
gu
re
s 
7.
5 
- 
7.
10
'
To further characterise the enzymes or enzymes hydrolysing 
p-nitrophenylacetate, additional inhibitors were used. 
Activities in filtered homogenates of NCK, PLK and RTE5 
cells were assessed in the presence of different concent­
rations of EDTA (an arylesterase inhibitor; Augustinsson, 
1961), hydroxymercurybenzoate Can inhibitor of esterases 
with an SH-group in the active site; Cohen and Warringa, 
1957) and the cholinesterase inhibitor, BW284C51. The 
data for each cell type are presented in figures 7.11 to 
7.13 along with those obtained previously for paraoxon and 
BPNP. Each data point was obtained from two experiments 
in which duplicate samples were taken. Paraoxon and BPNP 
were the most effective inhibitors whilst EDTA, hydroxy­
mercurybenzoate and BW284C41 did not cause any significant 
inhibition even at their highest concentration of 
1 x 10~-3M in the homogenates.
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FIGURE 7.11
INHIBITION OF P-NITROPHENYL ACETATB HYDROLYSIS BY FIVE INHIBITORS 
IN AN HOMOGENATE OF NCK CELLS (3 x 106)
1 Data points are the means of samples obtained in two 
experiments1
‘ Error bars are ranges '
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FIGURE 7.12
INHIBITION OF P-NITROPHENYL ACETATE HYDROLYSIS BY FIVE INHIBITORS 
IN AN HOMOGENATE OF PLK CELLS, <3 x 106)
'Data points are the means of samples obtained in two 
experiments'
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FIGURE 7.13
INHIBITION OF P-NITROPHENYL ACETATE HYDROLYSIS BY FIVE INHIBITORS 
IN AN HOMOGENATE OF RTE5 CELLS (3 x 10s)
'Data points are the means of samples obtained in two 
experiments'
Error bars are .ranges
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7.3 DISCUSSION
Skin esterase activity can lead to the activation or 
inactivation of compounds designed for topical or trans- 
cutaneous therapy. These alterations can increase or 
decrease the local or systemic bioavailability of the 
active compounds, thus affecting the activity of the drug. 
A knowledge of the types and quantities of esterases 
present in skin cultures and in vivo is important when 
deciding upon a suitable skin model for examining 
topically applied esters.
The presence of cholinesterases and non-specific esterases 
have previously been demonstrated in skin in viva (Jenner, 
1986; Magnus and Thompson, 1954). There is little in­
formation in the literature concerning the presence of 
esterases in cultured skin epithelial cells - Jenner 
<1986) showed that a number of electrophoretically 
separable esterases were present in the RTE4 cell line but 
did not go on to characterize them.
Establishing the optimum substrate concentrations (figures 
7.1<a)-<c)) it was proven only that one or more hydrolases 
were present in all three epithelial cell preparations.
The identification of these hydrolase<s) on the basis of 
substrate type was not possible; since as Walker and 
Mackness <1983) stated, some esterases have a wide 
substrate specificity and are capable of hydrolysing both 
endogenous and exogenous esters of widely differing
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structures. Further characterization of the hydrolase<s> 
was necessary and thus a series of selective inhibitors 
were used.
With reversible competitive inhibitors, selectivity is a 
function of substrate and inhibitor concentrations since 
the inhibitor and substrate compete for the same active 
site. With irreversible inhibitors, binding to the enzyme 
occurs which reduces its activity, and providing the 
inhibitor concentrations exceed that of the enzymic sites, 
the enzymes should eventually be totally inhibited. For 
esterase identification a specific inhibitor was required 
which at a certain concentration would inhibit one 
esterase completely but not affect others. In practice 
such inhibitors rarely exist and most selective esterase 
inhibitors simply reduce the activity of one esterase more 
than another. Because no single inhibitor was sufficient 
to positively identify individual esterases, a battery of 
inhibitors had to be used to establish which esterase was 
most likely to be responsible for the hydrolysis observed.
From the graphs presented in figures 7.5 to 7.8 it would 
appear that at least two choline esterases were present in 
the epithelial cells, one which catalysed the hydrolysis 
of acetylthiocholine and was inhibited to a
greater extent by BV284C51 and one which catalysed the 
hydrolysis of butyrylthiocholine and was inhibited to a 
greater extent by ethopropazine. Comparison with 
solutions of pure acetylcholinesterase and butyrylcholin-
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esterase treated with the same concentrations of inhib­
itors, suggest that the two esterases responsible for the 
rate of choline hydrolysis observed, were most probably 
acetylcholinesterase and butyrylcholinesterase. Magnus 
and Thompson <1954) and Cotton et al., <1973b> have
previously demonstrated the presence of acetylcholin-. 
esterase and butyrylcholinesterase in human skin. Jenner 
<1986) demonstrated that rat skin homogenates could 
hydrolyse butyrylthiocholine and that this was due to a 
1butyrylcholinesterase' (an esterase which had a pref­
erence for the butyryl ester and was inhibited by etho­
propazine) and another esterase which had a preference for 
the acetyl ester but was more sensitive to ethopropazine 
than BW284C51 <not typical of true acetylcholinesterase). 
Jenner suggested that a skin 'cholinesterase' similar to 
that found in rat skeletal muscle by Skau <1982) (an 
ethopropazine sensitive acetylcholinesterase) was present 
and thought it possible that the 'cholinesterase' orig­
inated from the subdermal muscle layer of the skin.
Homogenates containing only epithelial cells should 
provide a clearer picture of the esterase complement of 
the skin epithelium since contaminating esterases from 
dermal and subdermal layers should not be present. From 
the data presented herein it appears likely that the rat 
skin epithelium contained the characteristic forms of both 
butyrylcholinesterase and aceytlcholinesterase. This 
information supports Jenner's theory that the uncharactei—  
istic form of acetylcholinesterase found in his rat whole
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skin homogenates was derived from contaminating subdermal 
muscle layers and not the epithelium.
In addition to acetylcholinesterase and butyrylcholin­
esterase there may be another cholinesterase present in 
the sublingual epithelial cells, namely a propionyl- 
cholinesterase, which has an optimum activity for the 
propyl acyl chain as has been previously demonstrated in 
rat tissues <Myers and Mendel, 1953). Further studies 
would be required to demonstrate the presence or absence 
of this third cholinesterase.
p-Uitrophenylacetate is often used to demonstrate the 
presence of carboxylesterase but it is a non-specific 
substrate being hydrolysed by a number of endopeptidases, 
several proteins (insulin, protamine) and other enzymes, 
including 3-phosphoglyceraldyhyde dehydrogenase and 
carbonic anhydrase (Krish, 1971). The hydrolysing 
activities of these other enzymes are generally low 
compared to the action of 'true' esterases.
From the graphs presented in figures 7.9 and 7.10 it is 
clear that the enzyme or enzymes hydrolysing p-nitro- 
phenylacetate were significantly inhibited by both 
paraoxon and BPNP. Paraoxon appeared to be the most 
effective inhibitor and this would agree with data 
obtained by Junge and Krisch <1975) who found that para­
oxon could completely inhibit hydrolysis at a concentra­
tion ten times less than BPNP. Hydrolysis in the pure
-212-
carboxylesterase solution was inhibited to a similar 
degree as the hydrolysis in the cell homogenates by BPNP, 
indicating a possible similarity in enzyme<s> involved. 
Paraoxon inhibited the hydrolysis of p-nitrophenylacetate 
in the carboxylesterase solution to a greater degree than 
in the cell homogenates, at every concentration . The 
presence of different isoenzymes in the carboxylesterase 
solution may be responsible for this difference.
Carboxylesterases are a heterogenous group of enzymes 
consisting of several isoenzymes, so direct comparison 
with a 'carboxylesterase solution* cannot be conclusive in 
this study, since it was derived from pig's liver which 
may have contained different types and proportions of iso­
enzymes to those present in rat sublingual epithelium.
The carboxylesterase isoenzymes present in the sublingual 
epithelium and pig's liver would have to be separated and 
their activity towards p-nitrophenylacetate individually 
assessed. The presence of different isoenzymes in skin 
could have important effects on the activities of some 
topically applied drugs. Mentlein and Heymann <1984) have 
separated and purified five isoenzymes of rat liver 
carboxylesterase and shown them to have differing 
capacities for the hydrolysis of ester and amide-type 
drugs.
Studies with the inhibitor EDTA, demonstrated that the 
enzyme responsible for the hydrolysis of p-nitrophenyl­
acetate was unlikely to be an arylesterase since this
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chelating agent did not reduce the hydrolysis rate - it is 
unlikely that a metal ion was present at the active site. 
Studies with BW284C51 demonstrated that acetylcholin­
esterase and butyrylcholinesterase were unlikely to be 
involved in the hydrolysis of p-nitrophenylacetate. In 
addition, there was no evidence to suggest that an enzyme 
containing sulphydryl groups such as phosphoryl phosphat­
ases were involved, since 4-hydroxymercurybenzoate failed 
to inhibit the hydrolysis of the substrate.
Inhibition studies have therefore demonstrated that the 
enzyme responsible for the hydrolysis of p-nitrophenyl­
acetate is most probably a serine esterase and that it is 
not an arylesterase, an acetylcholinesterase, a butyryl­
chol inesterase or a phosphoryl phosphatase. In addition, 
BPNP is known to inhibit carboxylesterase to a far greater 
degree than endopeptidases and other enzymes that it can 
inhibit and so the high inhibition elicited by BPNP, in 
this case, suggests that it is a carboxylesterase which is 
present. Jenner <1986) demonstrated that an enzyme or 
enzymes hydrolysing both p-nitrophenylacetate and indoxyl- 
acetate <non-specific esterase substrates) were present in 
both rat and human skin. Jenner's inhibition studies 
using DFP, ethopropazine, BW284C51 and N-ethylmaleimide 
also demonstrated that the enzyme responsible was likely 
to be a serine esterase, was not a choline esterase, and 
did not contain a sulphydryl group. Hence Jenner's study, 
and this present one confirm that an enzyme with the
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characteristics of a carboxylesterase are present .in both 
whole rat skin and rat sublinqual epithelium.
The three cell preparations (NCK, PLK and RTE5) proved to 
have similar types of esterases but each of these types 
had different activities both in terms of protein con-, 
centration (figure 7.2) and cell number (figure 7.3). The 
RTE5 cell line possessed the least activity of all three 
cell types which may, in part, be due to losses incurred 
during its evolution from sublingual epithelium, but also, 
possibly, because it was derived from a different strain 
of rats (University of Surrey - Wistar) than the PLK and 
NCK cells (Porton Down - Wistar).
Jenner (1986) demonstrated that skin homogenates from 
Surrey strain rats possessed only about half the activity 
of the p-nitrophenylacetate esterase present in Porton 
strain rats; which could explain why RTE5 cells possessed 
only half the p-nitrophenylacetate esterase present in HCK 
cells. He also demonstrated that Surrey strain rats 
possessed greater acetyl- and butyrylcholinesterase than 
Porton strain rats, which is at variance with the relativ­
ely low cholinesterase activities present in RTE5 cells - 
but only if it is assumed that no loss of activity 
occurred in RTE5 cells during their evolution from in vivo 
cells. A direct comparison with Jenner's work is diffi­
cult as he examined full thickness rat skin down to and 
including the panniculus carnosus and not rat sublingual 
epithelium, which may have differed biochemically.
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Though the size of cells is very difficult to judge 
visually under phase contrast microscopy, because the 
image is only in two dimensions, RTE5 cells appeared to be 
smaller than PLK cells. In fact RTE5 cells contained 
approximately half the protein per cell present in PLK 
cells and this may have been indicative of the lower 
esterase activity in RTE5 cells. Further studies of cell 
size and its relationship to enzyme content would be 
necessary to validate such a hypothesis. The tritiated 
water method employed by Trusal and Martin <1987) would be 
useful for the measurement of cell volume in any future 
studies.
If the mycotoxin T-2 is metabolized to less toxic metab­
olites by a carboxylesterase, then cells possessing less 
carboxylesterase may be subject to higher levels of 
protein synthesis inhibition as was observed in RTE5 cells 
in previous studies (section 6). Lower levels of protein 
synthesis inhibition observed in NCK and PLK cells (figure 
6.3) may possibly have been due to the greater amounts of 
carboxylesterase present in these cells.
PLK cells more closely reflected the quantities of 
esterases present in the NCK cells and assuming RCK cells 
to be most representative of in vivo keratinocytes, PLK 
cells would probably make the better model culture system 
for examining ester metabolism in rat keratinocytes. The 
lower activity seen in RTE5 cells does not necessarily 
prevent it being used as a model culture system, since
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reasonable levels of esterase activity still remain.
Larger differences in enzyme activity than that seen for 
esterase activity in these cells are often seen with other 
enzyme systems when cells from fresh tissue are compared 
with cells in culture. For instance, studies with the 
model compound 7-ethoxycoumarin have shown that the micro­
somal monoxygenase activity present in hepatocytes cultui—  
ed for 24 hours (phase 1 reaction), was only 25% that 
found in freshly isolated hepatocytes (Fry and Bridges, 
1979).
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8 . THE METABOLISM OF T-2 TOXIN BY RAT 
SUBLINGUAL EPITHELIAL CELLS
8.2 INTRODUCTION
T-2 toxin is a potent cytotoxic and immunosuppressive __ 
mycotoxin and the severity of these effects can be altered 
by the metabolism of the toxin.
In vivo a number of metabolites of T-2 have been found but 
in varying proportions depending on the route of adminis­
tration and species. With few exceptions, the major
metabolites have been found to be HT-2, neosolaniol,
4-deacetylneosolaniol, T-2 triol and T-2 tetraol (Ueno et 
al. , 1971; Yoshizawa et al. , 1980, 1982; Matsumoto et al. , 
1978; Pace et al., 1985, 1986; Schock et al., 1986).
These are also the main metabolites identified in vitro 
<Yoshizawa et al., 1980, 1984; Ohta et al., 1977, 1978;
Johnsen et al., 1986, 1988; Kemppainen et al., 1987;
Ellison and Kotsonis, 1974).
Orally administered T-2 toxin is extensively and rapidly
absorbed from the gastrointestinal tract, passed to the
liver <the main site of metabolism) and excreted via the 
the
bile back intoAgastrointestinal tract to be voided 
principally in the faeces (Matsumoto et al., 1978). T-2
toxin is metabolized to a lesser degree in many extra- 
hepatic tissues including the skin, stomach and intestines 
(Yoshizawa et al., 1980).
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T-2 is thought to be deacetylated preferentially at the 
C-4 position to give HT-2 toxin, which is converted step­
wise into T-2 tetraol via 4-deacetylneosolaniol (see 
figure 3.8). Non-specific carboxylesterases are thought 
to be responsible for these conversions (Ohta et al.,
1977, 1978; Wei and Chu, 1985; Yoshizawa et al., 1980,_
1984). This deacetylation is considered to be a 
detoxification pathway since all the metabolites are less 
toxic than T-2 (Bata et al., 1983). HT-2 is consistently
less toxic than T-2, but the difference is minimal 
(Ellison and Kotosonis, 1974; Ohta et al. , 1977).
There have been relatively few studies of T-2 metabolism 
in cultured cells (see Introduction, section 3.8.8). 
O'Brien et al. <1985) found that cultured rat hepatocytes 
could convert T-2 to HT-2 and multiple unknowns. Trusal 
(1986) showed that CHO and VERO cells could convert T-2 to 
HT-2 and smaller amounts of T-2 triol, T-2 tetraol and 
several unknowns. T-2 toxin and its metabolites readily 
cause skin lesions but no studies have been carried out in 
'skin* cell cultures and therefore the main aim of this 
section of the study was to examine the ability of the 
epithelial cell cultures (PLK and RTE5) and the freshly 
isolated epithelial cells (NCK) to metabolize T-2. A 
study of this kind should enable the further assessment of 
the cell systems as skin toxicity screening models and 
allow comparisons of the similarly derived cell types.
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A secondary aim of this section was to establish the 
identity of the enzyme or enzymes involved in the metab­
olism of T-2 using a series of specific inhibitors. Since 
the main route of T-2 dermal metabolism is thought to 
involve esterases, this study should give further inform­
ation on the esterolytic capacity of the cell types and an 
indication of which system, the RTE5 cell line or PLK 
primary cells, best reflect the in vivo situation.
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8. 2 RESULTS
8.2.1 METABOLISM OF T-2 TOXIN IN NCK, PLK AND RTE5 
EPITHELIAL CELLS
8.2.1.1 IDENTIFICATION OF METABOLITES PRODUCED BY 
HOMOGENATES OF NCK, PLK AND RTE5 CELLS TREATED 
WITH T-2 TOXIN
Homogenates of different numbers of NCK, PLK and RTE5 
cells were incubated at 37*C with 1.1 x 10”® gml""1 C 3H] T-2 
for a period of 3 hours. Aliquots of supernatants were 
spotted onto plastic TLC plates and run in a chloroform- 
acetone (3:2 v/v) solvent system. For each 'spot' the 
plate was cut into 0.5cm sections and each section 
radiocounted to give a profile 'up' the plate. To 
identify metabolites a reference mixture containing [ 3H3 T- 
2, C 3H]HT-2, C 3H3 T-2 Triol and C3H3T-2 Tetraol was 
employed.
Displayed in figures 8.1(a)-(c) are histograms represent­
ing examples of the activity recorded in each zone on one 
particular TLC plate for homogenates of NCK, PLK and RTE5 
cells (1.2 x lO’^ ml"1) incubated with C 3H3 T-2 for 3 hours. 
Mycotoxin standards had average Rf values of 0.86 (T-2>, 
0.42 (HT-2), 0.21 (T-2 Triol) and 0.1 (T-2 Tetraol) and 
comparison of these with homogenate metabolite profiles 
revealed that limited metabolism of T-2 to HT-2 and T-2 
Triol had occurred. HT-2 was the main metabolite occurr -
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ing in homogenates of all three cell types with only small 
amounts of T-2 Triol present and no detectable quantities 
of T-2 Tetraol. At higher cell numbers, as will be shown 
later, the proportion of HT-2 and T-2 Triol increased 
though HT-2 still remained the major metabolite. In the 
control incubates, no detectable breakdown of 13H]T-2 
occurred during its incubation in medium without cells but 
with medium containing homogenates of dead cells, some 
minor breakdown occurred. These control values were 
deducted from those obtained with homogenates prepared 
from live cells to give the data points plotted in the 
histograms shown in figure 8.1.
Total recovery of radioactivity was approximately 85 - 95% 
with most of this being present as unmetabolized C3H]T-2 
and between 1 - 10% present as C3H]HT-2 and [3H]T-2 Triol, 
the exact quantities being dependent upon the number of 
cells and the cell type.
8.2.1.2 DETERMINATION OF CONCENTRATIONS OF T-2 REQUIRED 
TO PRODUCE MAXIMUM PERCENTAGES OF HT-2 <% OF 
TOTAL RADIOACTIVITY) IN HOMOGENATES OF PLK AND 
RTE5 CELLS
Homogenates of PLK and RTE5 cells <1.2 x 10'^  cells ml""1) 
were incubated with one of five different concentrations 
of C 3H] T-2 in the range of 1 x lQ-'y gml” 1 to 1 x lo™3 
gml""1 for three hours to determine which concentration 
produced the greatest percentage of C3H]HT-2. Quantities
- 223 -
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FIGURE 8.2 •
DETERMINATION OF THE CONCENTRATION'S OF [3H]T-2 REQUIRED TO 
PRODUCE THE MAXIMUM PERCENTAGES OF C3H3HT-2 <% OF TOTAL 
RADIOACTIVITY) IN HOMOGENATES OF PLK AND RTE5 CELLS 
<1.2 x 107 CELLS ml"') INCUBATED FOR 3 HOURS WITH THE 
TOXIN.
'Data point are the means of duplicate samples obtained 
in two experiments'
'Error bars are ranges'
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of [3H3HT-2 were determined using TLC and the results are 
displayed in figure 8.2. Concentrations of 1.1 x lO""® 
gml"1 [3H3T-2 and above gave accurately measurable
quantities of [3H3HT-2. Concentrations of 9 x 1 0 gml 1
and 1 x 10“"£;gml“‘1 for RTE5 and PLK cell homogenates 
respectively, gave the maximum percentage conversions of 
T-2 to HT-2 <in terms of total radioactivity).
1 x 10~3 gml""1 to 1 x lO-^gml"-1 [ 3H3 T-2 had previously 
been shown to give over 50% protein synthesis inhibition 
in all three cell types. A minimum concentration of
1.1 x 10“"® gml” 1 C3H3T-2 was required to produce quant­
ities of C 3H3 HT-2 and t-3H3T-2 Triol that were accurately 
measurable using the TLC method, therefore this concen­
tration was chosen for all further metabolism experiments. 
Higher concentrations were not used because of their 
greater toxicity which may have interfered with the 
activity of the enzymes.
8.2. 1.3 COMPARISON- OF METABOLISM OF T-2 TOXIN- IN
HOMOGENATES OF NCK, PLK AND RTE5 CELLS AND A 
CARBOXYLESTERASE SOLUTION.
The metabolism of T-2 toxin was compared in homogenates of 
NCK, PLK and RTE5 cells prepared from different numbers of 
cells <3 x lO1® ml""1 to 3.6 x 107 cells ml"1) using thin 
layer chromatography. The metabolism of T-2 toxin was 
also examined in solutions containing porcine liver
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carboxylesterase <0.1 mg ml""1 to 0.4 mg ml"1 equivalent to 
20 to 80 units of activity).
The percentages of C3H3HT-2 present in cell homogenates 
<3 x 10^ cells ml"1 and 1.2 x 107 cells ml"1) incubated
with 1.1 x 10“* gml"1 [ 3H3 T-2 are compared in figures 
8.3<a) and <b), and Table 8.1 contains a summary of the 
statistical analyses comparing each cell type. It is 
clear from these that PLK cells were most efficient at 
producing HT-2, while NCK and RTE5 cells both produced 
amounts of [3H3HT-2 that were not significantly different 
at the 5% level using the t-test. NCK and RTE5 cells 
generally produced less than half the HT-2 that PLK cells 
produced at the same cell numbers. Quantities of HT-2 did 
not increase in a linear fashion with increase in cell 
numbers; with a four-fold increase in cell number <3 x 10tS 
to 1.2 x 107) there was less than a two-fold increase in 
HT-2.
To obtain maximum quantities of metabolites and clearer 
metabolite profiles the %L3H3HT-2 and %[3H]T-2 Triol in 
homogenates prepared from increasing numbers of cells 
incubated with the same concentration of C3H3T-2 were 
assayed using TLC and the results are displayed in figure 
8.4. PLK cells were shown to produce greater quantities 
of C3H3HT-2 and C3H3T-2 Triol than NCK and RTE5 cells at 
every cell concentration. There was relatively little 
increase in the quantity of C3H3T-2 Triol produced by NCK 
and RTE5 in homogenates prepared from 1.2 x 107 cells and
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FIGURE 8.4
[3H3 HT-2 AND C3H]T-2 TRIOL (% OF TOTAL RADIOACTIVITY) PRESENT 
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'Data points are the means of 2 determinations except for 
3 x 10e cells ml-1 which are the means of 4 determinations' 
'Error bars are ranges except those Tor 3 x 10* cells mi"1 
which are V- S.E.M.'
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above but in PLK homogenates, as the concentration of HT-2 
'levelled out' at about 6%, the concentration of T-2 triol 
continued to rise as cell number was increased. NCK and 
RTE5 cell homogenates produced metabolite profiles that 
were similar to each other. The maximum concentrations of 
HT-2 produced by homogenates of NCK and RTE5 cells were, 
never higher than half that seen in PLK cells for the same 
cell number.
The solutions containing pure porcine liver carboxyl­
esterase, and incubated with 1.1 x 10”® gml™'1 C3H]T-2, 
gave similar profiles for %C®H]HT-2 and %[3H]T-2 Triol as 
those that were observed for the cell homogenates (figure 
8.5). To ascertain how similar the carboxylesterase 
profiles were with those obtained for the cell homogen­
ates, the %[3H]HT-2 was compared with the %[3H]T-2 Triol 
produced in each cell homogenate and the carboxylesterase 
solution and these results are displayed in figure 8.6. 
From the plots shown in figure 8.6 it would appear that 
the ratios of HT-2 to T-2 Triol are similar for the NCK 
and RTE5 cell homogenates and porcine liver carboxyl­
esterase solutions. Without using homogenates prepared 
from greater numbers of NCK and RTE5 cells and solutions 
containing higher concentrations of carboxylesterase, 
claims of similarity between the plots of these and the 
PLK homogenates are not possible. Figure 8.6 demonstrated 
again the greater metabolism of T-2 that occurred in PLK 
cell homogenates per cell when compared with the other 
cell types.
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[®H]HT-2 AND C3H]T-2 TRIOL (% OF TOTAL RADIOACTIVITY) PRESENT 
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8.2.2 CHARACTERIZATION OF THE ENZYMES INVOLVED IN THE
METABOLISM OF T-2 TOXIN IN THREE RAT EPITHELIAL 
CELL TYPES.
Homogenates of NCK, PLK and RTE5 cells <3 x 10*" cells ml"1 
and 1.2 x 107” cells ml"1) were incubated with 1. 1 x 107s 
gml"1 C3HIT-2 and a series of inhibitors to ascertain the 
effect of these on the production of C3H]HT-2. The 
inhibitors employed were those used to characterize the 
cell-derived esterases in the previous chapter. Inhib­
itors were used at a concentration of 10"3M in the 
homogenates, apart from paraoxon which was used at a con­
centration of 10"*M. Previous enzyme inhibition studies 
(section 7) established that a non-specific esterase, 
present in epithelial cells and hydrolysing p-nitro- 
phenylacetate, could be inhibited by 60-100% using 10~3M 
BPNP or 10"^M paraoxon but not to any great extent by 
10 3M EDTA or 10"3M hydroxymercurybenzoate. In assays of
cholinesterase activity 10"3M BW284C51 gave 90-100% 
inhibition of acetylcholinesterase activity and 60-80% 
inhibition of butyrylcholinesterase.
The histograms displayed in figures 8.7 to 8.9 show the 
different %C3H]HT-2 produced in homogenates containing 
3 x 10*’ cells ml"1 and 1.2 x 107 cells ml"1 and treated 
with the inhibitors. For figure 8.10, solutions of pure 
porcine liver carboxylesterase were treated with the same 
inhibitors. Table 8.2 contains the percentage inhibitions 
calculated from the data displayed in figure 8.7 to 8.10.
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From the data it would appear that BPNP and paraoxon 
caused the greatest reduction in C3H]HT-2 produced 
(generally 20 - 40%) while the other inhibitors usually 
caused less than a 10% reduction. With one exception (PLK 
cell homogenates prepared from 3 x 10*“ cells ml""1 ) the 
percentage inhibitions caused by BPNP and paraoxon were_ 
very similar. For the carboxylesterase solutions over 
twice the percentage inhibition that had been observed in 
the cell homogenates was seen when BPNP and paraoxon were 
used. Low levels of inhibition (less than 10%) were 
observed for EDTA, hydroxymercurybenzoate and BW284C51 
with the pure carboxylesterase.
8.2.3 COMPARISON OF THE LOSS OF C3H3T-2 AND THE
METABOLITE C HT-2 FROM NCK, PLK AND RTE5 CELL 
HOMOGENATES
In earlier experiments, which examined protein synthesis 
inhibition in epithelial cells, it was suggested that the 
longer duration of inhibition observed in PLK cells, once 
media containing T-2 had been removed, was due to T-2 
being lost from the PLK cells at a slower rate than from 
NCK and RTE5 cells. It is possible that differences in 
binding of T-2 and its metabolites to cellular macro­
molecules could explain the differences in overall rates 
of loss of label observed. Previously there was no 
discrimination between the rate of loss of T-2 and HT-2, 
so to discover whether the HT-2 was lost at a similar or 
different rate than T-2 from each cell type, the loss of
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FIGURE 8.11(a) & <b) ,
LOSS OF [3H3T-2 AND (3H]HT-2 AFTER REMOVAL OF MEDIA AND RESUSPENSION 
IN UNLABELLED MEDIA FOR NCR , PLIc AND PXE5 HOMOSENATES <6. 7 x 10*) 
WHICH HAD BEEN PREVIOUSLY INCUBATED FOR 3 HOURS VITH 1.1 x 10“® 
gml -' [ 3H] T-2
'Data points are the means of duplicate samples obtained in one 
experiment'
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both C 3H]T-2 and C3H]HT-2 from C3H]T-2 treated cell 
homogenates was examined.
The loss of [3H]T-2 and [3H]HT-2 from epithelial cell 
homogenates that had previously been incubated for 3 hours 
with 1. 1 x 10",S gml "1 [ 3H3 T-2 was assessed using TLC and 
the results are displayed in figures 8.11(a) and <b).
From these it would appear that T-2 and HT-2 are lost from 
all three cell types fairly quickly leaving negligible 
amounts after 30 minutes. A comparison of the ratios of 
%HT-2 : %T-2 (table 8.3) revealed that for each particular
cell type the ratios were similar at each time point, 
suggesting that HT-2 was lost from each cell type at a 
similar rate to T-2. Between cell types, the amounts of 
T-2/HT-2 lost differed with time as would be expected from 
the T-2 loss data obtained in previous studies.
8.2.4 COMPARISON OF METABOLISM OF T-2 TOXIN IN
SUSPENSIONS OF WHOLE NCK, PLK AND RTE5 CELLS
A brief study was performed to ascertain the difference in 
metabolite profiles when whole cells instead of homogen­
ates were incubated with C3H]T-2. Exactly the same method 
for quantifying the metabolites was used as before, except 
that the cells were homogenized immediately after the 
three hour incubation period instead of before. The 
number of cells used for each of the assays was dictated 
by availability; two assays were performed for each cell 
type •
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The data displayed in table 8.4 showed the small quant­
ities of metabolites that were obtained when intact cells 
were used and revealed that the degree of metabolism was 
dependent on the integrity of the cells. The low quant­
ities of HT-2 and undetectable quantities of T-2 Triol 
serve to illustrate why homogenates instead of whole cells 
were chosen for examination of T-2 metabolism.
Comparison of the data displayed in figure 8.4 with that 
of homogenates reveals that less than 10% of the metab­
olism of T-2 to HT-2, seen in the homogenates, occurred in 
the intact cells in terms of equivalent cell numbers.
CELL TYPE CELL NUMBER 7. C 3 HU HT-2 PRODUCED
NCK 4.75 x 106 0.094
PLK 3.90 x 10® 0. 139
RTE5 5.67 x 10® 0.055
TABLE 8.4
% C3H]HT-2 <% OF TOTAL RADIOACTIVITY) PRESENT IN 
SUSPENSIONS OF NCK, PLK AND RTE5 CELLS AFTER INCUBATION 
FOR 3 HOURS VITH 1.1 x 10~e gml"1 [3HIT-2 
'Each value is the mean of 2 determinations'
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8.3 DISCUSSION
Many investigations into the metabolism of T-2 have 
employed thin layer chromatography to separate mixtures of 
metabolites. In 0.5ml aliquots of an S-9 fraction of rat 
liver homogenates, Yoshizawa et al. <1980) found that
after 60 minutes of incubation, 0.54pmol T-2 toxin was 
metabolized to yield four products: HT-2 toxin, T-2 triol, 
T-2 tetraol and an unknown metabolite in yields of 49.3, 
18.7, 4.3 and 1.6% of the substrate, respectively. Schock
et al. <1986) found that following oral administration of 
1.5/ig T-2 in rats, HT-2, T-2 triol and T-2 tetraol were 
found in yields of 33, 26 and 22% in urine and 56, 18 and
13% in faeces, respectively. Trusal <1986) found that 
confluent CHO, VERO, human fibroblasts and L-929 cell 
cultures incubated for 3 hours with 1 x 10",3>gml"'1 T-2 
contained 37 - 52% of the parent compound after 4 hours,
3 - 24% HT-2, 5 - 11% of T-2 triol <CH0 and VERO cells) 
and 4% T-2 tetraol <CH0 cells only).
From Trusal1s studies and the present ones it would appear 
that the metabolism of T-2 toxin is much reduced in 
cultured cells when compared to in vivo studies. Most in 
vitro and in vivo systems have shown HT-2 to be the main 
metabolite followed by T-2 triol and T-2 tetraol and in 
these studies the epithelial cells also produced HT-2 (as 
the main metabolite) and some T-2 triol. The quantities 
of HT-2 and T-2 triol present in epithelial cell homogen­
ates were most similar to those produced by the CHO and
- 243 -
VERO cells examined by Trusal <1986), but it is important 
to note that comparison is difficult because the CHO and 
VERO cells were treated as intact monolayers, at lower 
concentrations of T-2 and in different numbers than the 
epithelial cells. A longer period of incubation may have 
revealed some small amounts of T-2 tetraol or other 
metabolites, especially if the homogenates used had been 
prepared from larger quantities of cells.
The liver is the main organ involved in the deacetylation 
of T-2 toxin <Ohta et al., 1977; Johnsen et al., 1986) but
other organs can contribute to the overall metabolism.
The percutaneous administration of 1.5pg T-2 to rats 
(Schock et al., 1986) resulted in significantly less HT-2 
in the faeces, slightly less in the urine and more T-2 
triol and T-2 tetraol in both than when T-2 was dosed 
orally, suggesting that the skin was an important site of 
T-2 metabolism. The reduction in HT-2 would have been due 
to an increase in its rate of hydrolysis to T-2 triol and 
the hydrolysis of T-2 triol to tetraol according to the 
scheme of metabolism proposed by kemppainen et ai. <19 84). 
Studies on the percutaneous penetration and metabolism of 
[3H]T-2 in human skin mounted in diffusion cells <Kempp- 
ainen et al., 1986) revealed that up to 75% was converted
to C3H3HT-2 upon its passage through the skin. This skin 
metabolism means that a less toxic trichothecene reaches 
the systemic circulation and thus is an important contrib­
utory factor in the whole body metabolism.
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Being able to predict the degree of T-2 metabolism in the 
skin can help towards understanding the overall toxicity 
in individuals topically exposed to the toxin. With the 
comparison of sublingual epithelial cell types it would 
appear that the RTE5 cells best reflected the metabolism 
of T-2 to HT-2 observed in NCK cells and might therefore 
be considered as a possible model for studying toxicity in 
skin.
HT-2 was produced at similar rates in NCK and RTE5 cells 
but at about twice the rate in PLK cells, in terms of 
equivalent cell number. PLK cells contained approximately 
twice the protein present in NCK and RTE5 cells (see 
previous chapter, figure 7.4), so if rates were calculated 
in terns of protein concentration, the difference in 
metabolism between PLK cells and the other cell types 
would not be as great.
Comparison of the quantities of %HT-2 and %T-2 triol 
formed (figure 8.6) revealed that the NCK and RTE5 cells 
produced similar quantities of T-2 triol and HT-2 at each 
cell number to that produced by specific concentrations of 
liver carboxylesterase. This suggested that the enzyme 
responsible for the metabolism of T-2 and HT-2 in NCK and 
RTE5 cell homogenates might be similar to porcine liver 
carboxylesterase. Because of the far greater amounts of 
HT-2 and T-2 triol produced by PLK cell homogenates at low 
cell numbers, comparison of the PLK plots in figure 8.6
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with those of the less active NCK, RTE5 and carboxyl­
esterase preparations was not possible.
Liver 'carboxylesterase' can be separated into a number of 
isoenzymes and there are many variations in the number and 
types of isoenzymes between species and body sites 
CXentlein and Heymann, 1984). Johnsen et al. <1986)
separated rat liver carboxylesterase into five different 
isoenzymes by isoelectric focusing and established that 
only the isoenzyme of pi 5.4 was capable of hydrolysing 
T-2 to HT-2. It has yet to be established whether this 
particular isoenzyme is responsible for the deacetylation 
of T-2 to HT-2 and HT-2 to T-2 triol in sublingual 
epithelium cells.
Comparison of the %HT-2 produced by the carboxylesterase 
solutions and the epithelial cell homogenates showed that 
3 x 10& cells ml-1 of NCK, PLK and PTES cells contained 
the equivalent of 10, 76 and 20 units oi porcine liver
carboxylesterase activity, respectively. From this it 
could be hypothesised that RTE5 and not PLK cells, 
contained quantities of the T-2 deacetylating isoenzyme 
most similar to that found in the NCK cells and that 
these quantities were likely to be similar to those 
present in sublingual epithelium in vivo.
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Ohta et al. (1977) found that the hydrolysis of T-2 toxin
was inhibited by eserine and DFP and on the basis of these 
results suggested that carboxylesterase catalysed the 
conversion of T-2 toxin to HT-2. Johnsen et al. (1986) 
used a series of inhibitors including BPNP, EDTA, para­
oxon, hydroxyraercurybenzoate, tri-o-cresyl phosphate and 
soman to establish that in rat liver, a carboxylesterase 
was involved in the hydrolysis of T-2 toxin. In all three 
epithelial cell types there appeared to be, in varying 
amounts, an enzyme with the characteristics of a carboxyl­
esterase which catalysed the conversion of T-2 to HT-2.
The enzyme was most likely a carboxylesterase since it was 
inhibited by BPNP (which is selective for carboxyl- 
esterases) and also by paraoxon (which inhibits serine 
esterases) but not to any great degree by EDTA (an 
arylesterase inhibitor), hydroxyraercurybenzoate (an 
inhibitor of phosphoryl phosphatases) or BW284C51 (a 
cholinesterase inhibitor). These results agree well with 
those obtained in the studies detailed in the previous 
chapter when, by using the same inhibitors, an enzyme 
similar to carboxylesterase was shown to be present in the 
epithelial cell homogenates.
Carboxylesterase activity in epithelial cell homogenates 
has previously been shown to be inhibited by 60-100% by 
10 3M BPNP and 10~+M paraoxon and this compares well with 
the 80%+ inhibition of HT-2 produced in solutions of
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porcine carboxylesterase in these studies. In the 
epithelial cell homogenates treated with T-2, the produc­
tion of HT-2 was inhibited by paraoxon and BPNP to a 
lesser degree (20-40%) than in pure carboxylesterase 
solutions, suggesting some factor must have been reducing 
the inhibitors effect on the conversion of T-2 to HT-2._ 
Since higher inhibition of HT-2 production occurred in 
carboxylesterase solutions which contained no cellular 
material, binding of the inhibitors to macromolecules in 
the homogenates not involved with deacetylating T-2 may 
have been responsible for reducing inhibition in the 
cells. These other macromolecules could have included 
protein and/or lipids as discussed in section 6. Because 
T-2 was not present during the esterase inhibition studies 
in the previous chapter, the effect may also be related to 
a competition of T-2 and enzyme inhibitors for similar 
binding sites .
PLK cells tended to take up greater quantities of T-2 
toxin than NCK and RTE5 cells yet their protein synthesis 
was not inhibited as greatly. This anomaly led to the 
suggestion that the metabolism of T-2 occurred to a 
greater extent in the PLK cells and indeed metabolism of 
T-2 did occur at over twice the rate per cell to that 
which occurred in NCK and RTE5 cells. But this metabolism 
still amounted to less than a 10% conversion to metab­
olites (at 1.1 x lOG gml"'1 ) and even less at lower T-2 
concentrations (see figure 8.2). Having said that Convei—  
sion is low it is important to remember that values were
calculated as percentages of the total administered and 
not as percentages of the total absorbed.
In intact cells it was shown that conversion to HT-2 was 
far less than in homogenates <<10% of homogenate values), 
but if these values were taken as a percentage of the - 
total absorbed <<1% for 1 x 10** cells) it can be appreci­
ated that metabolism per cell would have appeared far 
higher than it was when calculated in terms of the total 
administered. In intact cells, Trusal <1986) found that 
usually <1% of the total was absorbed when 1 x 10'"3 gml-1 
was used and in whole human and monkey skin epidermis 
<2.5% of the total they were exposed to over 48 hours, 
penetrated (Kemppainen et al. , 1986) and of these percent­
ages absorbed, anything up to 70% was converted to HT-2 
(which was equivalent to <2% of the total administered). 
Because of cell number and T-2 concentration differences 
between the uptake and metabolism experiments detailed in 
this chapter and previous uptake experiments, direct 
comparisons are not possible, but it is likely that a good 
proportion of T-2 that is absorbed is metabolized in 
intact cells and that this could account for a reduction 
in protein synthesis inhibition in the more active PLK 
cells. Further studies on the absorption and metabolism 
of T-2 in intact cultured epithelial cells and of the 
degree of inhibition of protein synthesis by metabolites 
of T-2, are required to confirm this.
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In earlier experiments, which examined the rates of T-2 
loss from cells, the T-2 associated with cellular material 
was found to be lost at a slower rate from PLK than NCK 
and RTE5 cells. The apparent retention of T-2 in PLK 
cells was most likely the reason that protein synthesis 
was inhibited for longer in these cells after removal of 
media containing T-2. Even though the loss studies in 
this chapter utilized cell homogenates instead of whole 
cells the results still showed that T-2 was lost at a 
slower rate from PLK than NCK and RTE5 cells. The number 
of T-2 binding sites present in the cell homogenates and 
the strength of that binding were probably important 
factors in determining the rates of loss in this case.
The slower rates of loss seen in intact cells in earlier 
studies indicated that the cell membrane is also important 
in regulating the rates. The permeability of the membrane 
is probably an important factor but also an energy- 
dependent system may be present that reduces the rates of 
loss (see section 6). Further studies are required to 
investigate the effect of the membrane on rates of T-2 
uptake and loss.
HT-2 is considered less toxic than T-2 but distinguishing 
between the rates of loss of C3H3T-2 and C3H3HT-2 it was 
shown that HT-2 was lost at similar rates to T-2 in all 
three cell types, so it would appear unlikely that the 
greater retention of one or the other occurred and 
increased the overall toxicity in any one of the cell 
types.
- 250 -
RTE5 cells were most similar to the NCK cells in this 
study and would probably be a good model culture system 
for predicting the extent of T-2 metabolism in 'skin'. 
Similar studies utilizing toxins that undergo different 
routes of metabolism would be required to more fully 
assess the use of RTE5 or PLK cultures as skin toxicity 
models.
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FINAL DISCUSSION
9 FINAL DISCUSSION
The main aim of these studies was to establish cultures of 
keratinocytes and then investigate their usefulness as 
models for examining toxicity. Many markers of cell 
toxicity can be used to assess such models including 
enzyme activity, growth characteristics and rates of 
metabolism. A suitable cell culture model for studying 
the toxicity of applied substances must respond to a toxic 
insult in a similar manner to the cells present in the 
tissue of interest.
Defining toxicity in terms of the inhibition of protein 
synthesis and investigating factors influencing this 
inhibition (levels of toxin uptake, enzyme activity, 
metabolism of toxin) indicated that the PLK and RTE5 
keratinocyte cultures possessed characteristics which 
could make them useful as models for predicting the 
toxicity of substances in keratinocytes in vivo. In 
addition, PLK and RTE5 cultures differentiated and 
stratified in a similar way to keratinocytes in vivo and 
also produced keratin and, assuming that the NCK cell 
preparations were representative of the cells in vivo, the 
cell cultures both possessed the same complement of 
esterases that were present in sublingual keratinocytes in 
vi vo.
The cell cultures were not perfect models and neither PLK 
or RTE5 cells were truly representative of NCK cells. PLK
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cell preparations were most similar to NCK cell prepar­
ations in terms of protein synthesis inhibition and 
esterase activity while RTE5 cell preparations metabolized 
T-2 toxin to a similar extent to NCK cells.
The ability to predict the toxicity of substances which, 
come into contact with the skin is potentially very useful 
in the investigation of skin carcinogenicity and research 
into new drugs. The PLK and RTE5 cell cultures represent 
a means of assessing toxicity in sublingual epithelium, 
but it is questionable whether sublingual epithelium 
itself is representative of skin. From these and previous 
studies (Hopley, 1986), it is apparent that PLK and RTE5 
cultures and the sublingual epithelium from which they are 
derived possess the ability to stratify, differentiate and 
synthesize keratin like whole skin epidermis. But the 
sublingual epithelium differs from skin in that it lacks a 
stratum corneum (Jepsen et al., 1980), which may signif­
icantly affect its overall permeability to many substances 
since it is usually the most impermeable layer of the 
skin.
The enzyme types and activities present in skin cell 
cultures is probably dependent on the area of skin from 
which they were derived since it has been demonstrated 
that different skin areas possess different rates of 
xenobiotic metabolism (Viebel et al., 1975). The cyto­
chrome content of the skin, oesophagus and tongue follow 
the order: skin > oesophagus > tongue
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So the tongue may not be the best area for studying 
enzymes in the skin.
In the assessment of any culture system, differences that 
arise because of the choice of tissue for culture must be 
taken into account. Similar studies to those detailed^ 
here, comparing the results in cells derived from sub­
lingual epithelium with those obtained from skin epidermis 
and associated cultures, would be required to fully assess 
the usefulness of sublingual epithelium cultures.
In addition to the physical and biochemical considerations 
an ideal cell culture system for toxicity testing should 
be relatively simple and inexpensive to set up, produce 
sufficient quantities of assayable tissue, have little 
inter-culture variation and provide reproducible results 
in assays. The PLK and RTE5 cultures were relatively 
simple to prepare but since the PLK cultures were prepared 
from sublingual epithelium from different rats, they were 
likely to have more intei— culture variation than the cell
c
line (RTE5). Variations between cell passages were 
reduced in the case of the RTE5 cultures by using passages 
7 - 1 1  throughout the studies. PLK cultures proved more 
time consuming to prepare than RTE5 cultures and generat­
ed far less tissue for assay. From a practical viewpoint 
the RTE5 cell line appears to be the most appropriate 
culture system for routine testing.
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Human skin cultures should be more representative of human 
skin than rat skin cultures therefore a simple, non- 
intrusive method, which utilized human hair follicle 
epithelium, was investigated. The method employed was 
simple but ultimately time consuming and very labour
intensive, producing little assayable tissue. Future __
studies into the culture of the primary cells using a 3T3 
feeder layer of cells (Weterings et al., 1982) will
perhaps prove to be the best means of generating larger 
quantities of cells. The main advantage of cultures 
prepared from hair follicle epithelium is that they are 
100% epithelial and procedures like those used to prevent 
the growth of fibroblasts in FLK cultures, were not 
required.
Dispase proved to be a good alternative to trypsin and 
EDTA for separating the epithelium, since it achieved a 
cleaner separation of epithelium from dermis. In the 
future, it is suggested that dispase is used to obtain 
pieces of sublingual epithelium and skin epidermis un­
contaminated with fibroblasts for primary culture.
Differences in the esterase complement and T-2 metabolism 
in PLK, NCK and RTE5 cell preparations may have been due 
to the strains of rat used. The RTE5 cell line was 
originally derived from University of Surrey-Wistar rats 
while PLK and NCK cell preparations were derived from 
Porton Down-Vistar rats. Jenner (1986) has demonstrated, 
in homogenates of whole rat skin from these two strains of
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rat, that a protein band due to an esterase present in 
Surrey rats was missing from Porton rats and that esterase 
activities differed by up to 50% between the skins of the 
two rat strains. In any future study it is recommended 
that comparisons are made between cultures and freshly 
isolated cells derived from the same strain. .
It may have been expected that the high esterase activity 
in NCK cells, particularly carboxylesterase activity, 
would have resulted in a high metabolism of T-2 as occuri—  
ed with PLK cell preparations, but this was not the case. 
This apparent anomaly may be due to the presence of 
different quantities of the carboxylesterase isoenzyme of 
pi 5.4, which is believed to be responsible for T-2 hydro­
lysis. Future studies would benefit from a knowledge of 
the isoenzymes present in each of the three cell types and 
the methods of carboxylesterase separation and identifi­
cation used by Mentlein et al. <1984) and Johnsen et al. 
<1986) are recommended.
If the difference in strain was not the reason for the 
RTE5 cells lower metabolic activity, it would appear that 
the cell line had lost some of its metabolic activity, 
perhaps by dedifferentiation, while the primary cultures 
had retained much of their activity. Autrup et al. <1985) 
found that an RTE line, derived from sublingual epithelium 
in his laboratories, had lost much of its metabolic activ­
ity and Heimann and Rice <1983) made a similar observation 
in cultured rat epidermal cells. Proof that a reduction
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in activity had occurred during the evolution of the RTE 
cell line can only be obtained by comparison of the PLK 
and NCK cell preparations with an RTE line derived from 
Porton Down-strain rats or by comparing PLK and NCK cell 
preparations from Surrey-strain rats with the RTE5 cell 
line. The activity of enzymes are often higher in earlier 
cell line passages so it might also be productive to 
assess the activity of cultures at passages earlier than 
the 7 - 1 1  which were examined in this RTE5 culture.
T-2 toxin was employed as a model toxin to establish the 
usefulness of the PLK and RTE5 cultures for screening 
compounds for toxicity. T-2 was chosen because it is a 
potent protein synthesis inhibitor and is known to be 
metabolized in whole skin epidermis by esterases <Kemp- 
painen et al. , 1986). For further validation of the
cultures, other toxins that affect different attributes of 
the cells, such as mitochondrial activity, and utilize 
other enzyme systems present in skin In vivo, such as 
those of phase 2 metabolism <glucuronyl- and sulpho- 
transferases), should be investigated.
The cells were quite permeable to T-2 and the uptake into 
and loss of the toxin from the cells appeared to be mainly 
by simple diffusion. Rotenone did cause some increase in 
uptake and loss in some instances suggesting the possible 
presence of an energy-dependent system that helped to 
regulate toxin levels within the cells. Trusal and Martin 
<1987) similarly demonstrated an increase in uptake into
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and loss of T-2 from VERO and CHO cells treated with 
sodium fluoride, an inhibitor of glycolysis. Further work 
needs to be done to establish definitely whether an 
energy-dependent system exists for regulating the uptake 
into and loss of T-2 and related compounds from mammalian 
cells.
Although the intracellular site of action of T-2 toxin is 
considered to be the 60S ribosomal subunit (Cannon et al., 
1976), little else is known about the method of binding, 
uptake or internalization of the toxin. Differences in 
the uptake and loss of T-2, protein synthesis inhibition 
and recovery may have all been related to the degree and 
type of binding with macromolecules within the cells and, 
possibly, the volume of the cells. PLK cells, for 
instance, appeared larger in size, possessed the highest 
protein concentration per cell and consequently took-up 
the greatest quantities of T-2 yet were least inhibited of 
all the cell types. The nature and role of T-2 binding 
sites needs to be established to fully understand the 
differences observed. If a significant amount of toxin 
remains non-organelle-associated, then the volume of the 
cell may play an important part in determining the total 
uptake. Further studies to investigate the nature of T-2 
binding and to compare the volumes of the epithelial cells 
are advised - the tritiated water method for measuring 
cell volume (Trusal and Martin, 1987) is recommended.
- 258 -
Direct comparison of the metabolism of T-2 in these cells 
with other cell types and in whole skin is difficult 
because of the different methods used in other studies. 
Using cell homogenates in these studies made it impossible 
to calculate the metabolism in terms of the percentage of 
T-2 absorbed in intact cells. So although metabolism of 
T-2, in terms of the total administered to the cell 
homogenates, was low, it was likely to be a lot higher in 
terms of the total absorbed, as evidenced by the brief 
study using intact cells. It seems likely that a large 
percentage of the T-2 entering the keratinocyte cells was 
hydrolysed to less toxic metabolites thus demonstrating 
that sublingual epithelium (and probably skin) is an 
important site for the metabolism of T-2.
These studies with T-2 have provided information on its 
metabolism in keratinocyte cultures for the first time and 
illustrated the cultures' use as models of skin metab­
olism. Much of the information in the literature concerns 
T-2 metabolism in the liver, so the data from studies in 
the cultures should help towards understanding the 
metabolism of T-2 in skin. Studies on the possible 
presence of a 'pump' regulating levels of toxins in cells 
are rare and research such as this could be of importance 
in understanding the toxicity of some xenobiotics.
Examination of the esterases present in the cell prepai—  
ations demonstrated that the characteristic forms of 
acetylcholinesterase and butyrylcholinesterase were
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present but at low activities and also an enzyme with all 
the characteristics of a carboxylesterase but at high 
activity. The cholinesterases present in sublingual 
epithelium have an undefined role and to date there have 
been no successful attempts to assign a biological role to 
these enzymes in skin epidermis and it is therefore 
possible that they are vestigial <Kutty, 1980>. In PLK 
and NCK cell preparations it is possible that contam­
inating plasma containing butyrylcholinesterase or nervous 
tissue containing acetylcholinesterase was present but 
this is unlikely with the thorough 'clean-up' protocols 
used (removal of fibroblasts, washes, etc.). In the case 
of RTE5 cultures it is even more unlikely that such con­
taminating material was present, yet they still possessed 
cholinesterase activity, although much reduced.
A possible role for the esterases, especially the non­
specific carboxylesterase, is in the hydrolysis of 
bacterial endotoxins produced on the surface of the skin.
In addition it has also been suggested that bacteria on
v.
the surface of the skin might be a source of esterases 
that find their way into skin cell homogenates, though in 
the case of PLK and RTE5 cultures this is highly unlikely 
because of the aseptic conditions under which they were 
grown. Preliminary histological studies with an ATPase 
stain suggest that the higher levels of carboxylesterase 
present in PLK cells may be due to a greater number of 
Langerhan's cells present in these cultures. Further
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studies of these possible sources of hydrolytic enzymes in 
skin in viva would be useful.
The main function of the skin is to separate and protect 
the organism from the external environment, but because it 
has such a large surface area it offers a major portal_of 
entry into the body for compounds which can permeate it. 
These studies revealed that sublingual epithelium had a 
reasonable carboxylesterase activity and if this is also 
true for skin it could have important implications for 
some topically applied esters and amides. Transdermal 
drug delivery systems endeavour to utilize this power of 
hydrolytic cleavage to terminate and activate pharmaco­
logical activity. Alternatively, it may be important that 
a topically applied drug is not metabolized significantly 
on its passage through the skin, so that it can reach its 
site of action in its most active form and avoid the first 
pass effect it might have otherwise experienced, had it 
been dosed orally.
RTE5 and PLK cultures both represent potentially useful 
models for testing toxicity, but it is advised that the 
systems are validated more fully. Primary cultures <PLK> 
would probably be most representative of skin in vivo and 
should prove useful, especially in short term studies, but 
for' the routine testing of compounds on a large scale they 
would probably prove unnecessarily time consuming to 
prepare and expensive in terms of resources and animals.
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